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Abstract
After a discussion of the hierarchy problem of the Fermi scale, we study
the flavour and Higgs boson(s) phenomenology of new physics close to it, both
in general and in the specific cases of Supersymmetry and composite Higgs
models. First, we promote the approximate U(2)3 symmetry exhibited by the
quark sector of the Standard Model to be a more fundamental symmetry of
Nature, and explore its phenomenological consequences from an effective field
theory point of view. We also study the embedding of natural Supersymmetry
within the U(2)3 framework, focusing in particular on the pattern of flavour
and CP violation in B decays. Then we consider the CP-even scalar sector of
the next-to-minimal supersymmetric Standard Model. We quantify the impact
of current and foreseen measurements of the Higgs boson signal strengths on
the physical parameters, deriving analytical relations for this purpose, and we
outline a possible overall strategy to search for the other Higgs scalars. Finally
we analyze the constraints from flavour and electroweak precison tests on com-
posite Higgs models, for different representations of the composite fermions,
and comparing the case of an anarchic flavour structure to models with a
U(3)3 and a U(2)3 flavour symmetry.
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Invitation
The Standard Model of particle physics was proposed more than fourty years ago, and
has been crowned last year with the Higgs boson discovery at the LHC. Its predictions
have been tested to a remarkable level of accuracy, from flavour and CP violation, to
electroweak precision tests (EWPT) and, recently, to the couplings of the Higgs boson.
Interestingly, the measured value of its mass makes even possible to extrapolate the Stan-
dard Model (SM) up to the Planck scale, where the effects of gravity become important
and a new theory is needed, without running into inconsistencies.
While representing an impressive success of our understanding of Nature, the SM
leaves some fundamental problems unanswered. On the experimental side, it lacks of
a suitable candidate for Dark Matter (and of an explanation of neutrino masses and
oscillations) and it does not reproduce the observed matter/antimatter asymmetry of the
Universe. On the theoretical side, reasons to be unsatisfied are for example the absence
of an explanation of the masses and mixings of quarks and leptons, the lack of a unified
description of gauge interactions, and the so-called hierarchy problem of the Fermi scale.
Radiative corrections make in fact its value sensitive to higher energy scales, and pose
the question of why it is so small, ∼ 250 GeV, if compared to the Planck scale, ∼ 1019
GeV. A reasonable “natural” solution to this problem is the presence of some new physics
(NP) close to the Fermi scale, that screens its sensitivity to higher energies. The two
main candidates for this purpose are Supersymmetry and composite Higgs models. This
attitude, which has steered most of the theoretical speculations in the last thirty years
or so, has provided the main motivation to expect some NP to show up at experiments,
either directly or indirectly.
The experimental strive of the last decades has been focused to test the SM in a huge
amount of independent ways, in the hope to falsify it, even in a single prediction, and
get in this way a clue to solve some of its problems. However, this has not happened yet.
This has induced some physicists to dedicate their energies in the exploration of other
solutions to the hierarchy problem, that do not require the appearence of NP close to the
Fermi scale. The fact that it is possible to find solutions to the experimental problems of
the SM, without spoiling its consistency up to the Planck scale nor implying deviations
from it at foreseen experiments, has further corroborated this theoretical exploration.
However the last word on the validity of naturalness as a guiding principle has not
been cast yet. Near future experiments will provide determinant (but not definitive)
pieces of information about this issue. Eventually, abandoning naturalness as a guiding
principle would have far reaching consequences for the way we investigate Nature at a
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fundamental level. With the only exception of the cosmological constant, naturalness has
always provided a good criterion for doing physics. It is in fact intimately tied with the
assumption that physics at small energy scales is not substantially influenced by physics
at much higher scales. This is the very base of reductionism as an approach to make
progresses in fundamental physics. Reviewing naturalness might call for a change in
this approach. Also, in the absence of physics close to the Fermi scale, it appears more
difficult to imagine ways of testing NP theories, necessary for example to solve other SM
problems. Currently, it seems that a definitive change of attitude towards the hierarchy
problem would somehow lower our expectations about the falsifiability of theories.
For these reasons, it is of great importance both to make further steps in the ex-
ploration of other paradigms, as well as to thoroughly probe the Fermi scale and its
immediate proximities. Before possibly considering naturalness dead, one would like to
have looked for it at the best of its possibilities. During my three years of PhD studies, I
have been mainly focused on the latter program, in the research papers [1–6], and along
the lines exposed in the next paragraph. They will be the main subject of this thesis.
Recently I have also contributed to the former program in [7], where the running of the
SM parameters is computed with the highest precision to date, and their values at the
high scale are interpreted in terms of some criteria alternative to naturalness. We will
mention [7] only to the extent that it is related to the discussion of the hierarchy problem,
in Section 1.2.
This thesis is organized as follows. In Chapter 1 we give a general overview of the
Standard Model of particle physics, with the purposes to fix some conventions and to
introduce its problems. Among those, we critically discuss the hierarchy problem and its
possible solutions. The main body of the exposition is then divided in three parts. The
subject of the first one is flavour physics. In Chapter 2 we discuss in more detail the SM
description of flavour and CP violation in the quark sector, with emphasis on the relation
between data and the Cabibbo Kobayashi Maskawa (CKM) picture. Then, in Chapter 3,
we motivate the introduction of a U(2)3 symmetry in the quark sector, and discuss in
details its phenomenology. We also attempt an extension to the lepton sector. The
second part of the thesis concentrates instead on Supersymmetry (SUSY). In Chapter 4 we
introduce it, and put the focus first on its relation with the hierarchy problem, then on the
SUSY flavour and CP problems. We also introduce the next-to-minimal supersymmetric
Standard Model (NMSSM) as a most natural theory. The supersymmetric realization
of U(2)3 is discussed in Chapter 5, where also some implications that go beyond flavour
and CP phenomenology are emphasised. In Chapter 6 we explore the phenomenology
of the NMSSM CP-even scalar sector, both in light of the measurement of the Higgs
signal strenghts, and of direct searches of the new scalar states. For comparison, we
carry out the same analysis also for the MSSM case. We finally present an explicit
NMSSM model. In the third and last part we discuss composite Higgs models (CHM).
After a brief introduction, in Chapter 7 we analyze how some simple CHM realizations
deal with flavour and electroweak precision constraints, and determine those that allow
for relatively light composite fermions, and for other distinctive experimental signatures.
Detailed summaries and conclusions are reported at the end of Chapters 3,5, 6 and 7.
Chapter 1
Problems of interest and strategy
1.1 The Standard Model
The present understanding of Nature at a fundamental level can be briefly sketched as fol-
lows. At the shortest distances accessible by current experiments, the observed behaviour
of elementary particles can be consistently described in the language of a quantum field
theory on a flat space, in what is known as the Standard Model of particle physics. The
gravitational interaction is instead described by General Relativity, which can be seen
as a geometrical theory of spacetime. The Standard Model of particle physics plus Gen-
eral Relativity constitute the established knowledge of Nature: their predictions have
been confirmed to a high level of accuracy by all experiments to date, with a very few
exceptions, some of them we will discuss in the next section. They are both necessary
ingredients in the standard cosmological model, known as ΛCDM, which is today the
reference for describing the history of the Universe we live in, back to a few minutes (time
of nucleosynthesis) after its origin.
We focus here on the Standard Model of particle physics, from now on we refer to it as
the Standard Model (SM) for brevity1. A model of elementary particles in the language
of a quantum field theory (QFT) is unambiguously defined by
• the gauge symmetry of the Lagrangian, which also fixes the spin-1 field content of
the model, the gauge bosons, and their self-interactions,
• the eventual breaking pattern of the symmetry,
• the fermionic (spin-1/2) and bosonic (spin-0) field content, together with its repre-
sentation under the above symmetry group, which fixes their interactions with the
gauge boson.
The recipe for obtaining a model with the use of these ingredients is writing the most
general renormalizable Lagrangian invariant under the gauge symmetry at the quantum
level. Starting from this Lagrangian one can derive the Green functions of the theory,
1For a quite recent, compact presentation we refer the reader to [8].
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and make in this way predictions to be compared with experiments.
In this terms, the building blocks defining the Standard Model are:
1. The Gauge sector
The symmetry group of the Standard Model is
GSM = SU(3)c × SU(2)L × U(1)Y , (1.1)
we denote the associated gauge couplings with gs, g and gY respectively, and intro-
duce the weak angle by θw = arctan (gY /g). The colour symmetry SU(3)c implies
the existence of eight massless spin-one fields, the gluons, and governs the so-called
“strong dynamics” of the Standard Model. Despite its very simple foundations, this
dynamics is extremely rich from the phenomenological point of view, and it is in
excellent agreement with experiments, the interested reader can find a review in [9].
The electroweak (EW) symmetry SU(2)L×U(1)Y calls for four extra massless spin-
one fields W µ1,2,3 and B
µ, but only a combination of them, the photon, is observed
in Nature.
2. The Electroweak Symmetry Breaking (EWSB) sector
The only known viable way to give mass to the gauge bosons, compatibly with
GSM, is via spontaneous symmetry breaking: the vacuum state of the theory does
not respect the symmetry which is instead manifest in the Lagrangian. The massless
Goldstone bosons associated with the spontaneous breaking are commonly said to
be “eaten” by the gauge bosons, in what is known in the literature as the Brout-
Englert-Higgs (BEH) mechanism. The choice that reproduces the observed vectors
masses is the breaking of the electroweak symmetry SU(2)L × U(1)Y down to the
electromagnetic one
SU(2)L × U(1)Y → U(1)em . (1.2)
One ends up in this way with a massless gauge boson, the photon (associated with
the unbroken symmetry U(1)em), and with two gauge bosons W and Z with a mass
fixed in terms of the gauge couplings and of the vacuum expectation value (vev) of
the theory v/
√
2.
In the Standard Model EWSB is realized in a minimal way, by adding an extra
complex scalar field
φ ∼ (1, 2) 1
2
, (1.3)
with a potential whose minimum is invariant under the electromagnetic symmetry
but not under the electroweak one. This requirement, via use of the recipe defined
at the beginning of this section, univocally fixes the potential to the form
Vh(φ) = −m2|φ|2 + λ|φ|4, (1.4)
so that at tree level v2 = m2/λ. Three out of the four real components of φ
are the massless Goldstone bosons associated with the breaking of the symmetry.
The fourth one is a neutral scalar field h, known as the Standard Model “Higgs
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boson”, with a physical mass m2h = 2λv
2 = 2m2. The choice Yφ = 1/2 is necessary
to allow its interactions with the SM fermionic fields, and the charge convention
Q = T3L + Y forces the vev to lie in the lower SU(2)L-component of φ. We stress
that the BEH mechanism that gives mass to the gauge bosons and the existence of
a Higgs boson are logically independent, in particular the former does not imply the
latter. One can in fact think of other ways to realize the BEH mechanisms, even
without the association of any fluctuation (either elementary or composite field) to
v. However, since LEP2 they were generically disfavoured by electroweak precision
tests (EWPT), which on the contrary provided indirect indications in favour of the
existence of a SM-like Higgs boson with a mass 114 < mh < 175 GeV [9], the
lower bound being the direct 95% confidence level (C.L.) exclusion [10]. The issue
has been settled in 2012 by the LHC discovery of a Higgs boson [11, 12] of mass
mh ' 126 GeV, whose measured couplings are now remarkably close to those of a
SM one [13–15] (univocally predicted as a function of mh, v and the masses of the
SM fields), even if they still leave space for sizeable deviations from this minimal
picture.
Note that the potential Vh is invariant under a SO(4) symmetry acting on the four
real components of φ. This symmetry is called “custodial symmetry” because it is
responsible for the tree-level relation
ρ ≡ m
2
W
m2Z cos
2 θw
= 1 , (1.5)
as we will now see. It is convenient to discuss it exploiting the fact that SO(4)
is isomorphic to an SU(2)L × SU(2)R algebra. After rewriting the Higgs field as
H = (iσ2φ∗, φ), this symmetry acts on it like H → eiθiLσi/2He−iθiRσi/2, where θL,R
are three-dimensional vectors parametrizing the two independent SU(2) rotations,
and σi are the Pauli matrices. Note that the action of SU(2)L coincides with the
one of the SU(2)L gauge group, while the one of U(1)Y is equivalent to a e
−iθ3Rσ3/2
acting on the right-hand side of H. Thus the gauging of SU(2)L respects the full
SO(4) symmetry, the one of U(1)Y breaks it. The vacuum configuration 〈H〉 = v1
is left invariant by a diagonal SU(2)V transformation with θL = θR, which explains
why the ratio of the W and Z boson masses is proportional to gY (i.e. why ρ = 1).
The Higgs mass, together with the vev v and with the SU(2)L and U(1)Y gauge
couplings g and gY , completes the list of the four parameters of the EW SM La-
grangian2. Its many predictions are in excellent agreement with experimental data,
see for example [20] for an updated discussion. Note that mh can be traded for the
2The most precise measurements that are usually considered to define the electroweak sector (i.e. to
determine also v, g and gY ) are the Fermi constant Gµ (from the muon lifetime measured at PSI [16]) the
Z mass MZ measured at LEP2 [17], and the fine-structure constant αem (from rubidum recoils [18] and/or
the electron anomalous magnetic moment [19]). The determination of gs, the only other fundamental
parameter introduced till now, is more involved: it depends on world averages of both lattice simulations
and experimental data, the interested reader is referred to [9].
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Higgs quartic coupling λ, leaving only one massive parameter, v ' 246 GeV, that
sets the so-called “Fermi scale” which is currently being explored by the LHC.
3. The Yukawa sector
The fermionic field content of the SM consists in three copies (“flavours”) of the
following left-handed Weyl fermions
qL ∼ (3, 2) 1
6
, u†R ∼ (3¯, 1)− 23 , d
†
R ∼ (3¯, 1) 13 , `L ∼ (1, 2)− 12 , e
†
R ∼ (1, 1)1 , (1.6)
where in brackets we have denoted the field representation under SU(3)c and SU(2)L
respectively, and in the pedix the U(1)Y charge (hypercharge). The most general,
gauge-invariant, renormalizable terms one can add to the Lagrangian using these
fields are the so-called “Yukawa terms”
u†RY
†
uφqL + d
†
RY
†
d φ
cqL + e
†
RY
†
e φ
c`L + h.c. , (1.7)
where φci = ijφ
∗
j (with i, j SU(2)L indices) and Yu, Yd and Ye are arbitrary complex
matrices in flavour space. They can be written as Yu = LuY
diag
u Ru, Yd = LdY
diag
d Rd
and Ye = LeY
diag
e Re, where Lu,d,e and Ru,d,e are unitary matrices. To avoid redun-
dancy in the parameters, five of the six unitary matrices above can be reabsorbed
in redefinitions of the fields (1.6). Then, once the Higgs field takes vev, in terms
of the SU(2)L components of qL = (uL, dL) and `L = (νL, eL) the interactions (7.8)
generate the mass terms
v√
2
(
u¯LV
†Y diagu uR + d¯LY
diag
d dR + e¯LY
diag
e eR + h.c.
)
, (1.8)
where we have moved to Dirac notation for the fermions (we will keep it for the
rest of the exposition), and we have introduced the so-called Cabibbo Kobayashi
Maskawa matrix V = L†uLd. To go to the mass-diagonal basis (i.e. to remove V ) the
field uL has to be rotated independently of its SU(2)L-partner dL. The only term
that feels this rotation in the SM Lagrangian is the charged current interaction of
quarks with the SU(2)L gauge bosons W
±
µ , which in the physical basis reads
Lch.c. = g√
2
(
u¯LV γ
µdLW
+
µ + h.c.
)
. (1.9)
A discussion of the physical parameters added by the Yukawa sector to the SM can
be useful here. Starting from the definitions YX = LXY
diag
X RX , with X = u, d, e, the
3×3 Yukawa matrices can be viewed as containing 9 real and 9 complex parameters
each one. Concerning the quarks, the three field redefinitions we performed allow
to remove 3 × 3 real and (3 × 6) − 1 complex parameters, where the −1 accounts
for an over-all U(1)B, acting on all the quarks irrespectevely of their flavour, which
therefore does not affect the parameter counting we are performing. One is left
with 6 real “yukawas”, each one fixed by the relative quark mass, and 3 real and
1 complex parameters appearing in the CKM matrix. Concerning the leptons, the
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analogous two field redefinitions allow to remove 2× 3 real and (2× 6)− 3 complex
parameters, where the −3 accounts for three over-all U(1)e,µ,τ , acting independenlty
on all the leptons of a given flavour, which are ineffective here3. What remains are
just three real yukawas, which are fixed in terms of the lepton masses.
It is important to notice that V encodes all the flavour and CP violation (FV
and CPV) in the Standard Model, which is then very predictive for this kind of
observables, and which have shown up to now a good agreement with data. Due to
the importance of this statement for the subjects discussed in the first part of this
thesis, we will explore it thoroughly in Chapter 2.
The Standard Model makes testable predictions, functions of the 18 “input” parameters,
that have been confirmed by all high energy experiments to date, very often with an
impressive level of accuracy. Despite that, there are many reasons not to be satisfied with
it, and why it cannot be the end of the story for particle physics. They will be the subject
of the next section.
A digression: neutrinos
The Standard Model as we have built it predicts the neutrinos ν` to be massles and the
lepton sector to be flavour and CP conserving. Both these statements are contradicted
by experiments: at least two neutrinos have mass, and they are observed to “oscillate”
in flavour space, i.e. the mass eigenstates and the weak interaction eigenstates do not
coincide. One could account for this by introducing three copies of a new Weyl fermion
N ∼ (1, 1)0 , (1.10)
and applying the recipe defined at the beginning of this section to obtain all the new
terms in the Lagrangian of the model. This procedure introduces new parameters, some
of which have not been measured yet (mean value of the left-handed neutrino masses, CP
violating phases, . . . ), making this a not-(yet)-established sector of the current model of
particle physics. Since we will not be interested in neutrinos in this thesis, we will not
discuss these issues further, and refer the reader to [8] for an introduction and to [21] for
a comprehensive review.
1.2 The hierarchy problem as a guideline
In this section we give an overview of the problems of the Standard Model of particle
physics. Since the hierarchy problem has provided a guide for most of the theoretical
speculations in the last thirty years, we discuss it in more details with respect to the
other ones. In particular we try to summarize the possible attitudes towards it. The
choice of one with respect to the others have strong implications for the possible solutions
to many of the other SM problems.
3These U(1)e,µ,τ , together with U(1)B, are “accidental” symmetries of the Standard Model, in the sense
that they are obtained without having been imposed. They are associated respectively with individual
lepton number and baryon number conservation.
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1.2.1 Problems of the Standard Model
From an experimental point of view, the Standard Model does not account for:
• Dark matter
Many independent astrophysical and cosmological observations imply the existence
of a new kind of matter, which is not accounted for by any SM particle. The
“standard” mechanism for the production of the new particles in the early universe
requires them to be weakly interacting, and with a mass in the TeV range, thus
setting a possible energy scale at which NP could manifest itself. However, other
viable production mechanisms exist, which do not point clearly to a mass scale for
the Dark Matter (DM) particle(s).
• Baryon asymmetry
This is the only established proof against the CKM picture of CP violation, in the
sense that it implies new sources of CPV to exist beyond the CKM phase δCKM (CP
violation is a necessary condition for baryogenesis to be possible). This is because
δCKM alone, combined with the Universe history, predicts the present baryon number
density to be many orders of magnitude below the observed value. At which scale
the NP responsible for this new source of CPV should show up? The answer to
this question depends on the model of baryogenesis, the relevant scale can easily be
much higher than a TeV (e.g. in models of baryogenesis via leptogenesis), even if
models where this is not the case do exist (e.g. electroweak baryogenesis).
From a theoretical point of view, it is highly desirable to address the following issues:
• Standard Model flavour puzzle
The SM parameters of the Yukawa sector are hierarchical in magnitude, and the
majority of them is very small:
yt ∼ 1 , yc ∼ 10−2 , yu ∼ 10−5 , (1.11)
yb ∼ 10−2 , ys ∼ 10−3 , yd ∼ 10−4 , (1.12)
yτ ∼ 10−2 , yµ ∼ 10−3 , ye ∼ 10−6 , (1.13)
|Vus| ∼ 0.2 , |Vcb| ∼ 0.04 , |Vub| ∼ 0.004 , (1.14)
where we have shown the order of magnitude of the yukawas of the SM fermionic
fields, and chose three entries of the CKM matrix as representative of the orders
of magnitude of the three real independent parameters contained in V . In the
SM the understanding of the flavour sector is merely parametrical, far from the
elegance of the gauge principle that allows to describe the strong and electromagnetic
interactions. The number of generations of matter is also chosen by hand. Why
three? Why does the flavour parameters display such a clear hierarchy? Are there
any underlying symmetries or/and dynamical features that can provide an answer
to these questions?
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• Strong CP problem
The recipe we defined for building the Lagrangian of a given model implies the
presence of an additional CP violating term in the SM lagrangian, proportional to
the adimensional parameter θQCD. This term induces an electric dipole moment of
the neutron which, for θQCD ∼ O(1), exceed the experimental bound by roughly ten
orders of magnitude: what forces θQCD to be so small?
• Charge quantization
What forces the fermion Y -charges to take the specific values listed in (1.6)? One
could argue that the requirement of anomaly cancellation (i.e. gauge invariance at
the quantum level) fixes them to their values. A reason to be nonetheless unsatisfied
is that, in general, adding fields introduces some arbitrariness in their determination,
and it is hard to imagine a solution to all the above problems (plus neutrino masses
and oscillations) without the addition of new fields. Also, (1.6) is not the minimal
matter content compatible with anomaly cancellation.
• Unification of forces
It would be extremely appealing to reach a unified description of all the forces
existing in Nature. Gravity and the Higgs interactions left aside, this could amount
in identifying a unique gauge group in which GSM could be embedded (that could at
the same time solve the charge quantization problem). The running of the three SM
gauge couplings in the absence of NP give reasons to hope that this could actually
be the case, their values approximately crossing at energies of 1013÷16 GeV when gY
is properly normalized for the embedding.
• The hierarchy problem(s)4
The issue stems from the fact that any dimensionful parameter in the Lagrangian
which is not protected by a symmetry receives a contribution from radiative correc-
tions, which is proportional to the highest energy scale ΛNP felt by that parameter,
ΛNP being either the mass of a particle or the typical energy of an interaction. Thus
one would expect the measured value of this parameter to be of the order of this
high scale.
In the Standard Model this translates in the statement that the Higgs boson massmh
is not stable under radiative corrections, if h couples to some physics at much higher
energies. For example, a generic coupling with a fermion of the form y hf¯LfR + h.c.
4The identification of a father for this idea is not an immediate task. The first clear formulation of it,
together with the proposal of the “naturalness criterion”, was put forward by ’t Hooft in 1979 [22].However
the issue was known also before, at least in the context of Unified theories [23], and in [24] Leonard
Susskind introduced Technicolour to solve the hierarchy problem, attributing its formulation to Kenneth
G. Wilson. Indeed in a 1970 paper [25] he mentioned the absence of scalar particle in Nature relating it
with the absence of symmetries to protect them. Concerning instead recent literature, for a very clear
exposition of the hierarchy problem (together with its supersymmetric solution) see [26], for an interesting
analogy in the way of posing it see [27].
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leads mh to start running at energies µ higher than the fermion mass mf like
dm2h(µ)
d log µ
= −3y
2
4pi2
m2f , (1.15)
so that one would expect the Higgs mass to be roughly of the same order of the
fermion mass, barring a small coupling y, as well as accidental cancellations between
this and the other contributions (that are proportional e.g. to m2h or to the mass of
some other particles h couples to). The example is useful in raising the question:
how precise these cancellations must be, in order to have an Higgs mass of 125 GeV?
In other words, how much fine-tuning is required? If we define the fine-tuning ∆
as [28]
∆ =
d logm2h(m
2
h)
d logm2h(Λ
2
NP)
≈ Λ
2
NP
m2h
, (1.16)
then for a generic new physics at the Planck scale (after all the Higgs boson feels
the gravitational interaction), the answer is that different contributions must cancel
to the precision of a part over ∆ ∼ 1034. A rather impressive conspiracy!
This kind of fine-tuning is not to be confused with the fact of being uneasy with
very small numbers in the Lagrangian, independently of the radiative stability of
those parameters, in the spirit of Dirac [29]. A small parameter which is radiatively
stable, like e.g. the light generations yukawas, is fine-tuned in the sense of Dirac,
but does not constitute a hierarchy problem. This statement will be made even
clearer by the following discussion.
Let us now be more specific about the fact that setting the parameter m to zero
in the Higgs potential 1.4 does not add symmetry to the theory. Let us take again
the Yukawa couplings as an example: for any of them that we set to zero the SM
Lagrangian gains a chiral symmetry (a U(1)L × U(1)R for each of the Dirac fields
in (1.8)). Since this symmetry is preserved at the perturbative level by quantum
corrections 5, then the running of each yukawa must be proportional to the yukawa
itself, because if we set it to zero it cannot be generated by quantum corrections. If
they are small at a scale, the running keeps them small at other scales. Parameters
with this property are often referred to be “technically natural”. On the contrary
m will be radiatively generated by any other mass scale in the Lagrangian, so the
general expectation for its value is to be of the order of that scale. In this respect note
that also setting the Higgs quartic coupling λ to zero does not add any symmetry,
and in fact the running of λ is proportional to all the other fundamental parameters
of the SM (but this does not pose any fine-tuning problem, since λ is adimensional).
A couple of remarks to avoid possible sources of confusion are in order: the fact that,
if the SM only is considered, the running of m is proportional to m itself is just a
consequence of the fact that it is the only dimensionful parameter of the theory.
Moreover, the fact that setting m to zero restores scale invariance is in general not
5Non-perturbatively this symmetry is anomalous, but this has no impact on our argument.
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a good argument against the hierarchy problem, since to define the problem at all
one needs another higher scale, that would generically badly break scale invariance.
We conclude by mentioning the other hierarchy problem of Nature, the one of the
Cosmological constant ΛCC. If one adds gravity to the picture, then a constant
term in the Higgs potential (1.4) cannot be reabsorbed anymore in a redefinition
of V , and one would expect it to be of the order of the Planck scale to the fourth
power. If this constant term is interpreted as the Dark Energy of the Standard
Model of cosmology (i.e. a fluid with negative pressure, responsible for the observed
accelerated expansion of the universe), then the fine-tuning needed to reproduce the
observation of an expanding universe would be of the order of roughly one part over
10120 (or 1060 if one relates it to SUSY breaking). We will come back to this later
in this section.
1.2.2 Solutions I: New physics close to the Fermi scale
The “natural” way to solve the hierarchy problem is that of adding new physics at a
scale ΛNP very close to the Fermi scale, which solves the issue for energies above ΛNP no
matter what NP is, for example thanks to a symmetry or to a change of regime of the
theory (e.g. the theory becomes strongly coupled at a scale, above which the “composite”
Higgs boson degree of freedom is substituted by more fundamental objects). Weak scale
Supersymmetry and composite Higgs models are examples of a solution respectively of the
first and second kind. We will discuss them in some details in the following Chapters (also
the “classicalization” of the Higgs field [30] can be ascribed to the second kind of solutions).
Another possibility to solve the hierarchy problem in a natural way consists in achieving
an exponentional suppression of the Planck scale, in such a way that the hierarchy is
transferred to the exponent and thus significantly lowered. Examples of this kind are
provided by Large Extra Dimensions [31, 32], and Warped Extra Dimensions [33, 34],
where the last have been shown to be equivalent to a four dimensional strongly coupled
conformal field theory.
The requirement of naturalness is not a strict theoretical necessity, but it is more than
a very reasonable solution to the hierarchy problem. As pointed out by ’t Hooft himself
in [22], this concept is related to the assumption that to describe physics at a certain scale,
it is not necessary to know much details of physics at shorter distances. This attitude has
driven progress in physics since centuries. For example to formulate predictive theories
for the motion of macroscopic objects, it is not necessary to know the behaviour of their
elementary constituents: ballistics and Newton’s theory of gravitation were formulated
well before the advent of quantum mechanics. In other words, the naturalness criterion
is strictly tied to reductionism. We cannot abandon the former without rethinking the
latter. In a more modern language [35], abandoning naturalness would challenge the
effective field theory approach used to describe the low energy effects of a high energy
unknown theory, that till nowadays has worked astonishingly well. Reductionism is not at
all a dogma though. In Science there are several phenomena that are not understood by
reducing a system to its elementary constituents, and rather require a treatment of it as
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a whole. Examples of this kind are self-organized criticality [36] and dynamical evolution
of complex networks [37]. We will come back to the possible relation of the first one with
the hierarchy problem later in this section.
With the run at 8 TeV of LHC now concluded, no direct evidence for NP has emerged
from any experiment. This is pushing the scale ΛNP back into fine tuned territories,
generating what is known as the “little hierarchy problem”: current bounds from direct
NP searches are now imposing a fine-tuning of the order of a part over ∆ ∼ 101÷2. This
of course represents a much more acceptable amount with respect to 1034, and Nature
already gives us examples of fine-tunings of similar order.
Whatever the specific natural solution to the hierarchy problem, the lack of direct
evidences for it is not the only (high) price to pay. The fact of having new physics so close
to the Fermi scale makes it immediate to raise another question: why are not we seeing
this NP in some indirect measurements? In fact, this is another acute challenge to model
building of natural theories.
1.2.3 Precision constraints to Solutions I
To attack this issue, it is useful to rephrase it in a more precise, yet general language.
The basic success of the SM predictions in precision observables, in light of the presence of
new physics at some high scale Λ, can be summarized as follows. If one describes possible
deviations from the above predictions by a phenomenological effective Lagrangian of the
form
∆L =
∑
i
ci
Λ2i
Oi + h.c. , (1.17)
where Oi are generic gauge invariant operators of dimension six, obtained by integrating
out the new degrees of freedom appearing above the scale Λi, then one can find lower
limits on the scales Λi, depending on the specific operator under consideration. Unless
they introduce qualitative new effects, operators of dimension higher than six are less
important, because they are suppressed by higher powers of the NP scale. Assuming the
adimensional coefficients ci to be of order one, which is a reasonable assumption for a
generic new physics, these limits can even reach the level of thousands of TeV6. How can
one reconcile this with the expectation of NP at much lower scales? Below we give an
overview of the challenges posed by three different kind of indirect measurements: Higgs
couplings, electroweak precision tests and flavour.
Higgs couplings
Any new physics that contributes to the Higgs mass will unavoidably contribute to its
couplings. Qualitatively the bigger the contribution to the former, the bigger the one to
the latters. In other words the more a theory is natural, the more we expect deviations
in the Higgs couplings. A proper quantification of this statement depends of course on
6In this sense, precision physics experiments indirectely probe energy scales that are much higher than
those explored by the LHC.
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the specific theory. Generically, given a certain amount of fine-tuning, the deviations in
the Higgs couplings will be smaller in theories where all these modifications appear at the
loop level (like some realizations of Supersymmetry7) than in those where this is not the
case (like composite Higgs models or other Supersymmetric cases).
Among indirect measurements, these are the ones more directly related to naturalness,
and are a way of testing it that was unavailable just one year ago. However, given the
current experimental precision, the challenges they pose to model building are usually not
tougher than the ones posed by direct searches. This statement is definitely worth some
specifications: we will provide them when discussing composite Higgs models, and carry
out a deeper study for the case of Supersymmetry.
Electroweak precision tests
Electroweak precision tests is a generic name for a number of measurements aimed at
testing the validity of the SM picture of electroweak symmetry breaking at the quantum
level. A key role is played by several observables measured by LEP at the Z peak, due
to their precision. Recently they attracted attention since the two-loop SM prediction
for the Z partial width into bottom quarks Rb [39] resulted in a disagreement with the
LEP measurement by 2.4 standard deviations [40]. Together with the long standing 2.5σ
deviation in the forward-backward asymmetry of the bottom quark at the Z pole, AbFB,
they consitute the more acute deviations in the SM fit of EW data [20]. Concerning new
physics, if new fields with different SU(2)L quantum numbers mix with the SM ones after
EWSB, they will leave an imprint in such observables, as we will explore in Chapter 7 in
the case of composite Higgs models. Many other measurements can be classified under
the name of EWPT, for example the ratio between the coupling of the W boson to quarks
and leptons, the W mass and the weak angle θw. The last two are relevant e.g. in light
of the SM tree-level relation ρ = 1(1.5).
A convenient and standard way to parametrize NP effects in EW precision observables
is via the so-called “oblique parameters” introduced in [41–44] (see also the more recent
[45]). Let us write the vacuum polarization amplitudes of the EW gauge bosons like
Lvac-pol = −1
2
W3Π33(q
2)W3 − 1
2
BΠ00(q
2)B −W3Π30(q2)B −W+ΠWW (q2)W− , (1.18)
where Lorentz indices are contracted via qµqν/q
2 − gµν , and let us expand them for small
momenta up to O(q2). One ends in this way with 8 independent quantities Π(0) and
Π′(0), three of which are fixed in terms of v, g and gY . Then other two relations are
necessary to have a massless photon, and one is left with 3 independent parameters, that
are predicted in the SM. Two of them are defined as
Sˆ =
g
gY
Π′30(0) =
αem
4 sin2 θw
S, Tˆ =
Π33(0)− ΠWW (0)
m2W
= αemT , (1.19)
7A first quantitative analysis of this case was carried out in [38].
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the third one, Uˆ = Π′33(0)−Π′WW (0), is in general expected to be suppressed with respect
to Tˆ . From the above definitions the relation Tˆ = ρ− 1 follows. In terms of an effective
operators description, the leading effects are encoded in the effective Lagrangian
LH = 1
v2
[
cH
∣∣φ†Dµφ∣∣2 + cWB
g gY
(
φ†σaφ
)
W aµνBµν
]
(1.20)
and correspond to Sˆ = 2cWB/ tan θw and Tˆ = −cH , to be compared with the constraints
resulting from a global fit to EW precision observables [20]
S =
4 sin2 θw
αem
Sˆ = 0.03± 0.10 , T = 1
αem
Tˆ = 0.05± 0.12 . (1.21)
Note that, while S preserves custodial symmetry (if gY = 0), T breaks it. In fact the
largest one-loop contribution to ρ in the SM is proportional to the top Yukawa coupling,
that is the main source of SO(4) breaking other than gY (more precisely, its difference
with the bottom one). Analogously, any NP respecting or weakly breaking the custodial
symmetry will yield small effects in the T parameter. We will show this explicitly in the
following of this thesis, especially for composite Higgs models. As we will discuss below,
reasoning in terms of symmetries can help also for the constraints posed by flavour and
CP violating observables.
The new physics flavour puzzle
The basic success of the Cabibbo Kobayashi Maskawa (CKM) picture of flavour and CP
violations is often summarized by observing that lower limits on the scales Λi in (1.17)
are in many cases of the order of 103 ÷ 104 TeV, and reach 105 TeV in the case of the
contribution of the operator OLR = (s¯LdR)(s¯RdL) to K [46]. This implies that, if some
new physics appears at a scale Λ below ∼ 104 TeV, then the flavour and CP structure
of the NP theory has to be highly non trivial. The reason why we put emphasis on this
is that even if the hierarchy problem is not cured by some NP close to the Fermi scale,
any other kind of NP appearing below that range cannot ignore this issue. The link with
natural theories can actually be made stricter by noting that the dominant corrections
to the Higgs mass come from NP coupled to the top quark, since yt is the largest of
the Yukawa couplings. So a low fine tuning strictly requires just this NP to lie not far
from the Fermi Scale, while the one related with the first two generations could become
relevant at higher energies. This is definitely a non-trivial flavour structure, and an acute
challenge for model building of natural theories. On the contrary the physics related to
the solution of other SM problems (e.g. Dark Matter), could well be independent of the
flavour structure (e.g. the Neutralino in SUSY).
A possibility to address the NP flavour puzzle is the requirement for new physics to
display some feature, so that the effective Lagrangian
∆L =
∑
i
ci
Λ2
ξiOi + h.c. , (1.22)
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where ξi are small parameters controlled by that feature, is in agreement with all current
data for coefficients ci of O(1). With Λ sufficiently close to the Fermi scale, this might
leave room for new observable effects. Such effects would indeed be very welcome in most
extensions of the SM in the EWSB sector and, if observed, might help to shed light on a
possible theory of flavour.
What can the feature responsible for the smallness of the ξi’s be? The first example
we give is that of a flavour symmetry. The most popular attempt in this direction is
the so called Minimal Flavour Violation paradigm [47–49]: the Yukawa couplings are
promoted to spurions transforming as Yu ∼ (3, 3¯, 1) and Yd ∼ (3, 1, 3¯) under U(3)3 =
U(3)q × U(3)u × U(3)d, so that the SM is formally invariant under this symmetry. Then
also NP effects are assumed to be formally invariant via the only use of the spurions Yu,d.
In this way one obtains parameters ξi equal to some power of the CKM matrix elements
(depending on the specific operator Oi), in such a way that a scale ΛNP ∼ 10 TeV is in
agreement with all experimental data.
Other possibilities that do not invoke any flavour symmetry do exist. One that has
attracted a lot of attention recently is “partial compositeness” in composite Higgs mod-
els [50, 51]. This dynamical feature can be just seen as a rescaling of the fields wave
functions [52], composite Higgs and extra dimensional models being popular explicit ex-
amples that realize it. We will see it in action in the Chapter devoted to composite Higgs
models. While addressing also the SM flavour puzzle, generically this mechanism does
not give enough suppression of some FCNC processes. As a relevant example, in com-
posite Higgs models with partial compositeness, even neglecting the severe K bound one
needs fermions heavier than a TeV (implying a fine tuning at the per-mille level), unless
a flavour symmetry in the strong sector is introduced [4].
Till now we did not mention leptons. Flavour and CP violation processes in the
charged lepton sector are extremely powerful in constraining NP scenarios, thanks to
null searches for µ→ eγ, µ→ e conversion in nuclei etc.. For example models of partial
compositeness would need resonances above ∼ 100 TeV to be in agreement with data [53],
making some other mechanism, like e.g. a flavour symmetry, necessary if one wishes to
describe leptons and quarks in a symmetric way.
1.2.4 Solutions II: New physics far from the Fermi scale
Could one satisfy all the direct and precision bounds on new physics by just abandoning
the view that this NP has to appear close to the Fermi scale? What is the price to pay
for this? First of all, another paradigm to attack the hierarchy problem of the Fermi scale
is needed. Within this other paradigm, one can then ask how it is possible, or if it is
possible at all, to solve the other problems of the SM. All this keeping in mind the other,
likely profound consequences this shift might imply.
Currently, the “established” alternative to the naturalness criterion is the introduction
of the concept of multiverse. Very recently, a third attitude started to gain more attention.
We will summarize both in the following.8
8We stress here that they do not require NP to be far from the Fermi scale, but just allow to potentially
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Multiverse
It could be that the search to find a deeper reason for the values taken by some of the
SM parameters is just a red herring. Kepler used platonic solids to explain the number of
planets in the solar system and the relative distances of their orbits. Now we know that
there is no deep physical message in these values: rather they are just an accident, arising
from the fact that the Universe contains a large number of possible accidents where to
choose from. To extend this view to a fundamental theory if Nature, one has to admit
the existence of many Universes (i.e. a “Multiverse”, see e.g. [54] for a recent general
discussion with references), each one with different values of some of the “fundamental”
SM parameters, like the Fermi scale. String theory and inflation can give a theoretical
motivation for the existence, in some sense, of such a Multiverse. To gain appeal, such a
proposal needs a mechanism to select a specific Universe among the many possible ones,
in particular to explain the value of the Fermi scale that sets the hierarchy problem.
• Anthropic selection
This mechanism, somewhere referred to as “tipicality”, is based on the observation
that the values of some of the parameters we observe are just the ones that allow for
our existence as observers at all. This line of reasoning has been proposed in 1987
by Weinberg [55] to predict a value for the vacuum energy, i.e. the cosmological
constant. The argument stems from the observation that with a small change in its
value, in any direction, galaxy formation would have been too slow/fast for planets
to form at all. The proposal is then that the cosmological constant should have the
maximum value compatible with the existence of observers. When a decade later
the universe was actually measured to have an accelerated expansion [56, 57] this
proposal gained much more attention: the value of ΛCC predicted by Weinberg was
just a factor of 10÷100 larger than the measured one. Moreover, it is relevant that no
natural solution is known for this hierarchy problem. In this sense the discussion of
natural solutions we carried out above implicitely assumed the following specification
about the cosmological constant: “Quantum gravity is not understood anyhow so
we exclude it from our naturalness requirements”, to put it with the words ’t Hooft
himself used in his seminal paper [22].
It is not yet clear whether an anthropic argument can work also for the hierarchy
problem of the Fermi scale, the reason (maybe a bit simplistic) being that it is
difficult, if not impossible, to unambiguosly identify the conditions for the existence
of an observer, in terms of the SM parameters. For example it has been shown in [58]
that an increase of v by a factor of five would prevent atom formation. However
in this study v only is let to vary, keeping the other parameters fixed, and thus
ignoring possible “flat directions” for the anthropic criterion in the SM parameter
space (note that also the anthropic explanation of the cosmological constant is not
strictly free from flat directions). Moreover, such a line of reasoning cannot help
explaining the value of some other SM parameters, that nowadays appear completely
solve the hierarchy problem without NP close by.
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unrelated to the existence of life, like the mixing angles of neutrinos and heavy
quarks or the θ giving rise to the strong CP problem. Note also that the eventual
discovery of another light scalar particle, with little role in the EWSB mechanism,
would appear much harder to be explained with an anthropic argument. In light of
the observations of this last paragraph, it is interesting to explore other selection
mechanisms on the multiverse.
• Non-anthropic selection
The measured value of the Higgs mass makes the SM a consistent theory up to the
Planck scale. None of its couplings become non-perturbative before that scale, nor
the Higgs potential develops an instability such that the universe would have already
decayed. The Universe would be metastable, but its lifetime would be way longer
than any meaningful astrophysical scale. Note also that for each of the experimental
problems of the SM one can imagine solutions that either involve physics well above
the instability scale (i.e the one at which λ becomes negative), or do not significantly
modify the shape of the Higgs potential. This gives the possibility to extrapolate
the SM couplings up to the Planck scale and try to get some physical message, as
we did in [7].
First of all it is interesting to note how some of them live close to the border of
a transition between different phases. This is displayed in Fig. 1.1 for the Planck
scale values of the top Yukawa coupling yt (left) and Higgs mass parameter m
(right) versus the Higgs quartic coupling λ, where in the left hand figure we show
a broad range for the parameters as allowed by perturbativity. The messages are
that yt and λ choose to live at the bottom of the metastability funnel, very close
to the instability region, and the Higgs potential parameters in the vicinity of the
λ = m = 0 tri-critical point. As remarked in [59] and evident from Figure 1.1
right, also Higgs naturalness can be viewed as a problem of near-criticality between
two phases (i.e. why is the Higgs bilinear m carefully selected just to place our
universe at the edge between the broken and unbroken EW phases?). This leads
to the speculation that, within the multiverse, critical points are attractors. If this
vision is correct, the probability density in the multiverse is peaked around the
boundaries between different phases, and generic universes are likely to live near
critical lines. Then, near-criticality would be the result of probability distributions
in the multiverse, and would not necessarily follow from anthropic considerations9.
In this picture, the Higgs parameters found in our universe are not at all special.
On the contrary, they correspond to the most likely occurrence in the multiverse.
We conclude this discussion with the remark that near-criticality is not the only
proposed alternative to anthropic selection of parameters that scan on a multiverse:
for example one can find ways to statistically prefer particular ranges of the values
of λ, yt and the gauge couplings at some high scale, see e.g. [7].
9Anthropic considerations could re-enter in explaining why some points are attractors. The two
concepts are not mutually exclusive.
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Figure 1.1: Phase diagram of the SM in terms of the Planck scale values of yt and λ
(left) and of the Higgs potential parameters m and λ (right). Left: “No EW vacuum”
corresponds to a negative λ at the weak scale, “Planck scale dominated” to the case where
the instability scale is larger than the Planck scale. Right: on the vertical axis we plot
|m| in the case of negative (above) and positive (below, v = 0) Higgs quadratic term; the
darker green band shows how the anthropic arguments of [58] bound the Higgs potential
parameters.
Further steps
When discussing natural theories, we implicitely assumed something else would cure the
hierarchy problem of the cosmological constant. This could well be some selection mech-
anism on a multiverse. Without it, one could hope that a concrete theory of quantum
gravity will do the job. In a similar spirit, one could take a (big) step further and assume
that the final theory of gravity does not provide radiative corrections to the Higgs mass,
even if the Higgs couples to it, see e.g. [60]. Of course the SM has to be extended in
some way to account for the strongest experimental evidences against it, namely neutrino
oscillations, Dark Matter and the baryon asymmetry. This can perhaps be done without
reintroducing a hierarchy problem by adding three right handed neutrinos (νMSM) with
masses in the KeV-MeV range [61,62]. This attitude towards the hierarchy problem was
put forward by Shaposhnikov and collaborators almost ten years ago, mainly to justify
their νMSM models.
Very recently this “Finite Naturalness” criterion has instead been considered as a
starting point, from which to derive phenomenological consequences [63]. For example
grand unified theories at a high scale would not satisfy such a requirement, because they
make the Higgs mass sensitive to such high scale. This criterion also does not offer any
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additional clue to solve the cosmological constant hierarchy problem. On the contrary,
as we already said, Dark Matter, neutrino masses and oscillations and baryogenesis could
all be explained by a natural new physics. It is not clear whether other issues, especially
related to cosmology (e.g. inflation) can be accomodated within a criterion of this kind.
On the side of quantum gravity, a first explorative theoretical study appeared this year
[64], where a toy model of quantum gravity that does not give corrections to the Higgs
mass is given. It is also interesting to note that this framework could allow for the presence
of extra light scalars.
Note that here one is not disregarding naturalness nor changing its definition, as in
(1.16). The two (big) differences with respect to Solutions I are:
• assuming that gravity poses no problem,
• assuming the knowledge of whatever new physics enters at length scales shorter than
the ones explored so far.
1.2.5 Remarks and motivation
The very fact of pushing new physics at scales much higher than a TeV makes it more
difficult to think about ways to falsify a theory, at least at high energy experiments like
the LHC. Some predictions of these theories could show up there (like e.g. long lived
gluino in split SUSY [65, 66]), but the non observation of such signals would not falsify
the theory. Also, it appears more difficult to test the way such a higher energy theory
could solve some of the other SM problems. For example, how to get a clue on the theory
of flavour, if it does not predict any deviation accessible at current experiments? Other
relevant criteria of course exist, like elegance and “reduction of input parameters”, but
relying only on them would make the process of scientific inquiry much less powerful.
Concerning more specifically the hypothesis of the Multiverse, there is currently not a
clue of an experimental way to unambiguously test its presence.
Not finding any clear sign of new physics at LHC14 nor at other precision experiments
might have a profound impact on the way we view fundamental physics, not only from
the point of view of reductionism that we discussed earlier in Section 1.2.2. Also, the issue
of whether naturalness has been a good guiding principle is now mainly an experimental
one.10 For these reasons, it is of great importance to understand how experimental results
impact on natural theories, and in turn how these theories could show up at current and
future facilities. This is the general motivation of the work presented in this thesis. More
detailed motivations specific to the different subjects are presented in the beginning of
Chapters 3, 5, 6 and 7.
10Strictly speaking, the absence of new physics at the LHC14 would just require natural models to
be a little bit more fine-tuned, and the amount of fine tuning necessary to give up is, to some extent, a
matter of subjective taste.
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Chapter 2
A closer look at the CKM picture
Let us start by an intuitive explanation of why CP violation is related to complex coeffi-
cients of the Lagrangian. In the charged current Lagrangian (1.9), a CP transformation
exchanges the operators
u¯Liγ
µdLjW
+
µ ←→ d¯LjγµuLiW−µ , (2.1)
but leaves their coefficients Vij and V
∗
ij unchanged. This means that CP is a symmetry
of Lch.c. if Vij = V ∗ij , which is not the case, as we showed with the parameter counting
of the previous section. Apart from a possible effect in the strong interactions (see next
section), in the SM Lagrangian there are no other complex parameters, this has the
relevant implication that all the CP violation is encoded in the SM in the single physical
phase contained in V .
2.1 The CKM matrix
The form of the CKM matrix V is not unique, but can be reduced to a minimal one by
fields redefinition, with three angles and one phase, δCKM. Note that in the two generations
case one could rotate away all the phases, leaving a theory without CP violation1.
The elements of V can be written with the self-explanatory notation
V =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
 . (2.2)
The unitarity of V implies
∑
i VijV
∗
ik = δjk and
∑
j VijV
∗
kj = δik. Each of the six vanishing
relations can be geometrically represented in the complex plane as a triangle. Among
1The idea of extending the Cabibbo matrix [67] from two to three generations was first put forward
by Kobayashi and Maskawa in 1973 [68].
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them, those that are obtained by taking scalar products of neighboring rows and columns
do not have edges of comparable size, so that the most commonly used relation is
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0 , (2.3)
to which the term “unitarity triangle” usually refers. The analogous one involving a
sum over the down quarks is not used, since the measurement of Vts comes from loop
mediated processes in the SM (the tree-level couplings of the top quark are poorly known),
and is therefore both less precise and, form a theoretical point of view, less reliable
than the measurements of Vcd and Vcb, which are extracted from processes induced by
tree-level diagrams in the SM [9]. All the unitarity triangles have the same area |J |/2,
where J is the so-called Jarlskog invariant [69], defined by Im
(
VijVklV
∗
ilV
∗
kj
)
= J ikmjln
(i, . . . , n = 1, 2, 3). The usefulness of the Jarlskog invariant stems also from the fact that
is independent of the parametrization chosen for V . A more immediate expression for it
can be e.g.
J = Im (V ∗usVudVtsV
∗
td) = −Im (V ∗usVudVcsV ∗cd) , (2.4)
where in the last equality we have made use of the unitarity relations of V . Indeed any
quadrilinear product of the CKM elements that is invariant under phase redefinitions, is
either real or has an imaginary part equal to J .
The three real and one imaginary physical parameters in the CKM matrix can be
made explicit by choosing a parametrization. A very useful one is the Wolfenstein para-
metrization [70], where the four mixing parameters are (λ,A, ρ, η), defined by
λ =
|Vus|√
|Vud|2 + |Vus|2
, Aλ2 = λ
∣∣∣∣VcbVus
∣∣∣∣ , Aλ3(ρ+ iη) = V ∗ub , (2.5)
with λ ' 0.22 (= sin θC , with θC usually referred to as the “Cabibbo angle”), playing the
role of an expansion parameter and η representing the CP violating phase. Up to order
λ5, one can write [71]:
V =

1− 1
2
λ2 − 1
8
λ4 λ Aλ3(ρ− iη)
−λ+ 1
2
A2λ5 [1− 2(ρ+ iη)] 1− 1
2
λ2 − 1
8
λ4(1 + 4A2) Aλ2
Aλ3
[
1− (1− 1
2
λ2)(ρ+ iη)
] −Aλ2 + 1
2
Aλ4 [1− 2(ρ+ iη)] 1− 1
2
A2λ4
 . (2.6)
In terms of this parametrization one has J = λ6A2η + O(λ8). Moreover it is convenient
to introduce the quantities ρ¯ = ρ (1− λ2/2) and η¯ = η (1− λ2/2), for which the relation
ρ¯+ iη¯ = −VudV
∗
ub
VcdV ∗cb
(2.7)
is independent of the phase convention. This proves very useful in displaying the unitarity
triangle (2.3): by dividing each side by the best-known one, VcdV
∗
cb, one ends up with a
triangle whose vertices are exactly (0, 0), (1, 0) and (ρ¯, η¯), see Figure 2.1. The three angles
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Figure 2.1: Unitarity triangle in the complex (ρ¯, η¯) plane.
α, β and γ are defined as
α = arg
(
− VtdV
∗
tb
VudV ∗ub
)
, β = arg
(
−VcdV
∗
cb
VtdV ∗tb
)
, γ = arg
(
−VudV
∗
ub
VcdV ∗cb
)
. (2.8)
See [71] for their expression in terms of ρ¯, η¯. They are physical quantities and can be
measured by CP asymmetries in B decays. Finally, it is also useful to define the small
angles arising from the relation VusV
∗
ub + VcsV
∗
cb + VtsV
∗
tb = 0,
βs = arg
(
−VtsV
∗
tb
VcsV ∗cb
)
and βK = arg
(
− VcsV
∗
cd
VusV ∗ud
)
, (2.9)
since LHCb is starting to probe the magnitude of the first one.
2.1.1 Testing the CKM picture
The last twelve years signed a new era in our understanding of flavour and CP violation.
This has been possible thanks to the many measurements of rates, mass splittings and
CP asymmetries in B decays in the two B factories, BaBar and Belle, in the two Tevatron
detectors, CDF and D0, and recently at the LHCb. The following relevant question can
today be answered:
1. Is the CKM mechanism a consistent description of flavour and CP violation?
2. Is the CKM mechanism the dominant source of the observed flavour and CP vio-
lating phenomena?
We will first assume the SM and test the overall consistency of the various measurements,
answering the first question. Then we will go one step further and answer the same
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question model-independenlty, namely allowing for new physics to contribute to some
relevant processes. This will provide an answer to the second question. In doing so, we
will make use of the unitarity triangle defined in the previous section, as is usually done
in the literature.
Before going on, it is useful to make a distinction between direct and indirect measure-
ments of the CKM matrix elements. The first are related to SM tree level processes, and
are expected to hold almost model-independently. It is in fact very difficult to imagine
new physics contributions to tree level FV and CPV processes, that have not shown up
in any of the other processes where the SM is very well tested, like e.g. in the electroweak
sector. Indirect measurements are instead related to SM loop processes, and thus are
sensitive to new physics. This is for example the case for processes induced by B − B¯
mixing, where the leading SM contribution comes from an EW box diagram, which is
therefore O(g4) suppressed, and is furthermore proportional to the small combination
(V ∗tdVtb)
2. Consequently, inconsistencies among indirect measurements, or between indi-
rect and direct ones, can give evidence for new physics. The distinction between direct
and indirect measurements can be equivalently formulated in terms of the distinction
between flavour changing charged current (FCCC) and flavour changing neutral current
(FCNC) processes, since in the SM tree level flavour violation is mediated only via charged
currents.
2.1.2 Self consistency of the CKM picture
As already anticipated, here we assume the CKM matrix to be the only source of flavour
and CP violation. The values of the Wolfenstein parameters λ and A defined in (2.5) are
known from tree-level measurements related to K → pi`ν and b → c`ν respectively. The
latest results reported by the CKMfitter group [72] are:
λ = 0.2246+0.0019−0.0001 , A = 0.823
+0.012
−0.033 . (2.10)
The fit result for the ρ¯ and η¯ relies on measurement of both tree level (γ, α and |Vub|) and
loop level (K , sin 2β, ∆md and ∆ms), induced processes. The latest CKMfitter results
are [72]
ρ¯ = 0.129+0.018−0.009 , η¯ = 0.348
+0.012
−0.012 . (2.11)
Figure 2.2 shows how the various measurements used for the fit can be visualized as
functions of the parameters ρ¯ and η¯, and makes the impressive consistency of the CKM
fit to data evident. To further convince ourselves that the KM picture of CP violation
is consistent with measurements, we find it convenient to show in Figure 2.3 the allowed
regions in the (ρ¯, η¯), as determined by only CP conserving and CP violating observables
separately. We conclude by giving a quick list of the observables used for the above fits2 :
2For a very nice review about CP violation in meson decays see [73], for a more recent and general one
see [74]. For more complete, “classic” references (where e.g. a detailed discussion of the matrix elements
and of K can be found) see [75, 76]. For an updated discussion of the extraction of the fit parameters
from the various observables see the review about the CKM matrix in [9].
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Figure 2.2: Allowed regions in the (ρ¯, η¯) plane. Superimposed are the individual con-
straints from the various observables discussed in the text.
Figure 2.3: Allowed regions in the (ρ¯, η¯) plane from CP violating (left panel) and CP
conserving (right panel) observables.
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• the rates of various B → DK decays, which depend on the phase γ = arg
(
ρ+iη
ρ2+η2
)
;
• the rates of various B → pipi, ρpi, ρρ decays, depending on the phase α = pi − β − γ;
• the rates of charmless semileptonic B decays, depending on |Vub|2 ∝ ρ2 + η2;
• the CP asymmetry in Bd → ψKS, SψKS = sin 2β = 2η(1−ρ)(1−ρ)2+η2 ;
• the ratio between the mass splittings in the neutral Bd and Bs mesons, ∆md/∆ms,
sensitive to |Vtd/Vts|2 = λ2(1− ρ2 + η2);
• indirect CP violation in K → pipi decays, K , depending in a complicated way on ρ
and η.
It can be worth to stress that, in the choice of the observables used in the fits, an important
role is played by the knowledge of long-distance QCD effects. Progress in this field will
have immediate consequences on our understanding of flavour and CP violation.
2.1.3 Dominance of the CKM mechanism
To answer the second question, we assume the SM to dominate charged-current tree level
processes, which as we discussed is a very plausible assumption. In loop level processes
we allow for new physics contributions, in addition to the usual SM ones depending on ρ
and η. Our goal is twofold:
• first, we want to determine whether η = 0 is allowed, in which case the KM mecha-
nism would not be effective (but one can already imagine how likely this possibility
is, due to the impressive results of the CKM fit);
• secondly, we want to see whether a sizeable NP contribution is allowed in certain
processes, in which case the CKM mechanism would not be the dominant source of
flavour and/or CP violation for the process under examination (a possibility which
is even expected if new physics is relevant at energies not far from the Fermi scale).
Of course, for the above program to be viable we need to add a limited number of param-
eters, in such a way that the observables at disposal are still more than the total number
of parameters we want to fit, which includes also ρ¯ and η¯. This is possible if we limit to
the case of Bd − B¯d and Bs − B¯s mixings, where NP effects in the relative amplitude can
be parametrized as (
Md,s12
)NP
= hd,s e
2iσd,s
(
Md,s12
)SM
, (2.12)
The result of this procedure is evident from Figures 2.4. The one on the left is drawn taking
into account only constraints from observables that are not affected from NP in ∆F = 2
processes. It indicates that the KM mechanism is at work, the region with ρ¯ < 0, η¯ < 0
is excluded at 68.2% C.L., but allowed at 95.5% C.L. (for details see Ref. [77]). The
one on the right implies that the CKM picture is the dominant source of flavour and CP
violation, and that the size of the new physics contribution to Bs − B¯s mixing is quite
constrained, hs . 0.2. Similar results are obtained for Bd − B¯d mixing.
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Figure 2.4: Fit results allowing for NP in Bd − B¯d and Bs − B¯s mixing, and assuming
that tree level processes are dominated by the SM. Left: only observables not sensitive
to NP in ∆F = 2 processes. Right: all observables listed in Table I of [77], from which
these figures are taken. The dotted curve shows the 99.7 % C.L. contour.
2.2 Tensions in the CKM unitarity fit
The CKM picture is not free of some small inconsistencies, which we now briefly discuss.
We first mention the long-standing issue of the determination of |Vub|, for which inclusive
observables yields the value |Vub| = (4.41 ± 0.15+0.15−0.19) × 10−3, while exclusive ones give3
|Vub| = (3.23 ± 0.31) × 10−3. Due to the fact this is related to tree level SM processes,
a frequent attitude is to either choose one of the two values or an average of the two,
instead of trying an explanation of the discrepancy via use of some NP model. This is
the same attitude we will stick to in our discussion of the U(2)3 phenomenology in the
following chapters.
Another ∼ 2 σ inconsistency in the unitarity triangle fit is the one between K , SψKS and
∆md/∆ms [80–84]. To visualize it, a global fit to the CKM matrix is performed in [85],
where one observable is removed from the fit. In this way a prediction for it is obtained,
to be compared to its experimental value. The results of this procedure (for whose details
we refer to [85]) are displayed in Figure 2.5 for illustrative purposes. Note in fact that
recent measurements and improvements in lattice calculations made this tension milder
than it was at the time these figures were drawn. The left panels show the 2 σ bounds
of the individual constraints in the (ρ¯, η¯) plane, together with the favoured regions for ρ¯
3The numbers quoted are those reported in the PDG 2012 [9], the PDG 2013 has not updated them
yet. In particular they do not include the recent Belle measurement of BR(B → τν) [78], which has the
effect of decreasing the tension. The most recent values used by the UTfit collaboration for their fit are
respectively |Vub| = (4.40± 0.31)× 10−3 and |Vub| = (3.42± 0.22)× 10−3 [79].
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Figure 2.5: Results of two global fits of the CKM matrix using tree-level and ∆F = 2
observables, excluding SψKS = sin 2β (top row) or K (bottom row), as of 2011. The
bands in the left panels correspond to 2 σ errors. The dashed bands in the right panels
correspond to 1 σ errors.
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and η¯. The dashed lines show the band of the “unusued” constraint, which in both cases
clearly deviates from the region preferred by the fit. The same deviations are shown in
a more evident way in the right panels, where the predicitions of the fit for SψKS and
K are compared with the respective experimental values. This tension could be solved
by NP contributions to at least one of the above observables, for example in the U(2)3
framework, as we will see, this possibility is exploitable both for SψKS and K , but not
for ∆md/∆ms
4 .
The experimental situation is continuing to bring new key information to the current
picture of flavour and CP. For example the LHCb experiment at CERN is eagerly waited
to measure βs and BR(Bd,s → µ+µ−) more precisely, and to explore CPV in D−D¯ mixing,
CP asymmetries in b → sµµ, and direct CPV in D decays, just to mention some of the
“hot” processes. Also ATLAS and CMS are competitive for some specific observables,
like e.g. the aforementioned BR(Bd,s → µ+µ−).
2.3 Electric dipole moment of the neutron
We conclude this section about the CKM picture by sketching how the SM contribution to
the neutron EDM dn is by far lower than the current experimental limit. This is relevant
since it makes EDMs an excellent probe of new physics, so that in many cases they provide
the most severe bounds on generic CPV structures. For simplicity we estimate the SM
contribution to the quark EDMs, which is sufficient since we are interested only in an
order of magnitude (o.o.m.) analysis.
To produce an electric dipole moments for the light quarks in the SM, one must
look at contributions that give a non-vanishing phase in the effective operator Ldip =
µqe
iδq(q¯LiσµνqR)e Fµν , the quark EDM being dq ∝ µq sin δq e. One loop W -exchange di-
agrams are excluded, since they are proportional to the absolute value squared of the
relevant CKM matrix element. One then has to go to two loop order and exchange two
W ’s, but it turns out that all EDMs as well as ChromoEDMs (CEDMs) vanish exaclty
at the two-loop level [86]. The relevant diagrams are then the three-loop ones with a
two-W exchange, which have been computed in [87, 88]. The dominant contribution is
the following one to the down quark EDM,
dd ' e αs
108pi5
mdm
2
cG
2
F J ln
2
(m2b
m2c
)
ln
(m2W
m2b
)
, (2.13)
where the presence of J comes from the fact that a two W ’s exchange imply the presence of
a quadrilinear product of the CKM elements. The above result leads to the prediction dd '
10−34 e cm, to be compared with the experimental 90% C.L. limit dn < 2.9× 10−26 e cm
[89]. The SM contribution to the neutron EDM is however dominated by long distance
effects, the most recent estimation of them [90] resulting in dn ' 10−31e cm, well below
current and foreseen experimental sensitivities (the most optimistic projections aiming
at ∼ 10−28 e cm [91, 92].). More details about the relations between dn and the relevant
4This is why the analogous procedure is not given for ∆md/∆ms.
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operators can be found in Section 3.2.4, where we discuss the neutron EDM as a constraint
on a U(2)3-symmetric new physics.
Chapter 3
A U(2)3 flavour symmetry and its
phenomenology
The discussion of Section 1.2.3 has pointed to flavour symmetries as a possible solution to
the NP flavour puzzle. In particular, we have mentioned that assuming a U(3)3 symmetry
(MFV) allows to reconcile the presence of NP at the TeV scale with a natural solution
of the hierarchy problem. Why then the need to go beyond the MFV paradigm? First
of all, the U(3)3 symmetry is already badly broken in the SM, so that it appears more
natural to take as a starting point a symmetry which is instead preserved to a good level
of approximation. In other words, U(3)3 does not address at all the SM flavour puzzle,
if not having a fundamental representation which is three-dimensional. Also, the MFV
solution to the NP flavour puzzle leaves little space for observables deviations from the
CKM picture of the Standard Model. One can think of other reasons not to be satisfied
with U(3)3, like the fact that it does not consent to separate the potential NP energy
scale associated with the third generation of quarks from the one associated with the first
two. This possibility is very welcome in NP theories that solve the hierarchy problem in a
natural way, in light of current collider constraints. Also, as we shall see, standard MFV
precludes the possibility of achieving a dynamical suppression of the EDMs.
An attempt to cope with these issues already pursued in the literature is the reduction
of U(3)3 to a U(2) acting on the first two generations of quarks, irrespective of their
chiralities [93, 94]. However, while providing a rationale for explaining both the quark’s
hierarchies and the smallness of EDMs, the consideration of a single U(2) does not yield to
enough suppression of the right-handed currents contribution to the K parameter [85,95].
The considerations developed so far motivate us to study the flavour symmetry U(2)3 =
U(2)q × U(2)u × U(2)d, exhibited by the SM if one neglects the masses of the quarks of
the first two generations, as well as their mixing with the third generation ones. This
framework was first introduced in Ref. [85] in the context of Supersymmetry. The su-
periority of U(2)3 with respect to U(3)3 stems at this level from the observed pattern
of quark masses and mixings, which makes U(2)3 a good approximate symmetry of the
SM Lagrangian, broken at most by an amount of order a few ×10−2. This is the size
of Vcb, comparable to or bigger than the mass ratios mc,u/mt or ms,d/mb. U(3)
3 on the
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contrary is badly broken at least by the top Yukawa coupling. Of course U(2)3 cannot be
an exact symmetry of the Lagrangian, but has to be broken in some specific directions.
In the following we will define and discuss our choice for these breaking directions, and
then study the phenomenology it implies.
The program we will pursue in this Chapter can be formulated in terms of the following
questions. Taking an Effective Field Theory (EFT) point of view, which are the limits on
the possible size of new flavour changing and CP violating interactions consistent with
the current observations? Which signals can one in turn expect in foreseen experiments?
How can this picture be extended to the lepton sector?
3.1 U(2)3
To describe the breaking of U(2)3 we assume that it is encoded in a few small dimensionless
parameters. Their origin is unknown and may be different, for example, in different models
of EWSB, but we require that they have definite transformation properties under U(2)3
itself, so that the overall Lagrangian, fundamental or effective as it may be, remains
formally invariant. This is what we mean by saying that U(2)3 is broken in specific
directions. Along these lines, the simplest way to give masses to both the up and down
quarks of the first two generations is to introduce two (sets of) parameters ∆Yu, ∆Yd,
transforming as ∆Yu = (2, 2¯, 1), ∆Yd = (2, 1, 2¯) under U(2)q × U(2)u × U(2)d. If these
bi-doublets were the only breaking parameters, the third generation, made of singlets
under U(2)3, would not communicate with the first two generations at all. For this to
happen one needs single doublets, at least one, under any of the three U(2)’s. The
only such doublet that can explain the observed small mixing between the third and the
first two generations, in terms of a correspondingly small parameter, transforms under
U(2)q × U(2)u × U(2)d as V = (2, 1, 1). A single doublet under U(2)u or U(2)d instead
of U(2)q would have to be of order unity. This is the minimal amount of spurions needed
for a realistic description of quark masses and mixings, we call this Minimal U(2)3.
One can then add two extra spurions Vu = (1, 2, 1) and Vd = (1, 1, 2), and complete
in this way the picture by considering all the possible breaking terms of U(2)3 entering
the quark mass terms
λt(q¯LV )tR, λtq¯L∆YuuR, λtq¯3L(Vu
†uR), (3.1)
λb(q¯LV )bR, λbq¯L∆YddR, λbq¯3L(Vd
†dR), (3.2)
where qL,uR,dR stand for doublets under U(2)q, U(2)u, U(2)d respectively
1. This com-
pletion we call Generic U(2)3. To summarize, we assume that U(2)3 is an approximate
symmetry of the flavour sector of the SM only weakly broken in the directions (by the
1In (3.2) we have factored out as a common factor the bottom Yukawa coupling λb, which in principle
requires an explanation since λb is relatively small. One possibility is to consider a symmetry, either
continuous or discrete, acting in the same way on all the right-handed d-type quarks, broken by the small
parameter λb.
3.1. U(2)3 35
spurions)
∆Yu = (2, 2, 1), ∆Yd = (2, 1, 2), V = (2, 1, 1), Vu = (1, 2, 1), Vd = (1, 1, 2),
(3.3)
such that every term in (3.1) and (3.2) is formally invariant.
3.1.1 Physical parameters and CKM matrix
By U(2)3 transformations it is possible and useful to restrict and define the physical
parameters appearing in (3.3). In Minimal U(2)3 we choose:
V =
(
0
L
)
, ∆Yu = L
u
12 ∆Y
diag
u , ∆Yd = ΦLL
d
12 ∆Y
diag
d , (3.4)
where L is a real parameter, L
u,d
12 are rotation matrices in the space of the first two gen-
erations with angles θu,dL and ΦL = diag
(
eiφ, 1
)
, i.e. four parameters in total. Incidentally
this shows that, if CP violation only resides in V ,∆Yu,∆Yd, there is a single physical
phase, φ, which gives rise to the CKM phase.
Similarly in Generic U(2)3 we set:
V =
(
0
L
)
, Vu =
(
0
uR
)
, Vd =
(
0
dR
)
, (3.5)
∆Yu = L
u
12 ∆Y
diag
u Φ
u
RR
u
12, ∆Yd = ΦLL
d
12 ∆Y
diag
d Φ
d
RR
d
12, (3.6)
ΦL = diag
(
eiφ, 1
)
, Φu,dR = diag
(
eiφ
u,d
1 , eiφ
u,d
2
)
, (3.7)
which adds to the four parameters of Minimal U(2)3 four real parameters, u,dR , θ
u,d
R and
four phases, φu,d1,2 . For later convenience we define s
u,d
L = sin θ
u,d
L and s
u,d
R = sin θ
u,d
R .
The next step consists in writing down the mass terms for the up and down-type
quarks, invariant under U(2)3, and in diagonalizing them2, which can be done perturba-
tively by taking into account the smallness of L, 
u,d
R and ∆Y
diag
u,d . As a consequence, to a
sufficient approximation the unitary transformations that bring these mass matrices to di-
agonal form are influenced on the left side only by the four parameters of Minimal U(2)3,
L, θ
u,d
L , φ, whereas those on the right side depend on the extra parameters of Generic
U(2)3, u,dR , θ
u,d
R , φ
u,d
1,2 . In turn this leads to a unique form of the standard CKM matrix
V =
 cuLcdL λ suLs e−iδ−λ cuLcdL cuLs
−sdLs ei(δ−φ) −cdLs 1
 , (3.8)
2See Appendix A for a detailed analysis of their digonalization, together with all the possible quark
bilinears appearing in effective operators, relevant for the next chapter.
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where s ∼ O(L), cu,dL = cos θu,dL and suLcdL − sdLcuLeiφ = λeiδ. Using this parametrization
of the CKM matrix, a direct fit of the tree-level flavour observables, presumably not
influenced by new physics, results in
suL = 0.086± 0.003 , sdL = −0.22± 0.01 , (3.9)
s = 0.0411± 0.0005 , φ = (−97± 9)◦ . (3.10)
At this stage, the extra “right-handed” parameters present in Generic U(2)3 are uncon-
strained.
3.1.2 Preparing the ground for an EFT analysis
As outlined in the Introduction, here we are interested in considering from an EFT point of
view the leading flavour-violating operators that are consistent with the U(2)3 symmetry,
only broken by the spurions in (3.1) and (3.2). Their general form can be summarized in
∆L = ∆L4fL + ∆Lmag + ∆L4fR + ∆L4fLR , (3.11)
where ∆L4fL,R,LR are the sets of four-fermion operators with flavour violation respectively
in the left-handed sector, in the right-handed sector and in both, whereas ∆Lmag contains
the chirality-breaking dipole operators. As we will see, sizeable contributions to ∆L4fR
and ∆L4fLR are absent in Minimal U(2)3, with the notable exception of ′K we will discuss
in the end of Section 3.2.2.
In what follows, we will write each single term in (3.11) as
∆L = 1
Λ2
∑
i
CiOi + h.c., (3.12)
where the operators Oi relevant for the process under examination will be specified case
by case. Their derivation, both in Minimal and in Generic U(2)3, is given in Appendix
A, which also contains the full list of interaction bilinears.
3.2 Current bounds and possible new effects in Min-
imal U(2)3
3.2.1 ∆F = 2 processes
The relevant ∆F = 2 operators generated in the U(2)3 framework read
∆L4f,∆S=2L =
cKLL
Λ2
ξ2ds
1
2
(
d¯LγµsL
)2
+ h.c. , (3.13)
∆L4f,∆B=2L =
∑
i=d,s
cBLLe
iφB
Λ2
ξ2ib
1
2
(
d¯
i
LγµbL
)2
+ h.c. , (3.14)
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where ξib = VtbV
∗
ti , ξds = VtsV
∗
td and c
K,B
LL are real, model dependent parameters that can
be of O(1), with phases made explicit wherever present. The U(3)3 case at low tan β is
recovered for cKLL = c
B
LL and φB = 0. The observables in K, Bd and Bs meson mixing are
modified as
K = 
SM(tt)
K (1 + hK) + 
SM(tc+cc)
K , (3.15)
SψKS = sin
(
2β + arg
(
1 + hBe
iφB
))
, (3.16)
Sψφ = sin
(
2|βs| − arg
(
1 + hBe
iφB
))
, (3.17)
∆Md = ∆M
SM
d
∣∣1 + hBeiφB ∣∣ , (3.18)
∆Md
∆Ms
=
∆MSMd
∆MSMs
, (3.19)
where
hK,B = c
K,B
LL
4s4w
α2emS0(xt)
m2W
Λ2
≈ 1.08 cK,BLL
[
3 TeV
Λ
]2
. (3.20)
In the special case of supersymmetry with dominance of gluino contributions, as we will
see in Section 5.2, one has hK = x
2F0 > 0 and hB = xF0, where F0 is a positive loop
function (given in (5.5)) and x an O(1) mixing parameter.
To confront the effective operators (3.13,3.14) with the data, the dependence of the
∆F = 2 observables on the CKM matrix elements has to be taken into account. To this
end, we performed global fits of the CKM Wolfenstein parameters A, λ, ρ¯ and η¯ as well
as the coefficients cK,BLL and the phase φB to the set of experimental observables collected
in the left-hand column of Tab. 3.1, by means of a Markov Chain Monte Carlo, assuming
all errors to be Gaussian.3
The results of four different fits are shown in Fig. 3.1. The top left panel shows the fit
prediction for cKLL in a fit with c
B
LL = 0. The top centre panel shows the fit prediction in the
cBLL–φB plane in a fit with c
K
LL = 0. The preference for non-SM values of the parameters
in both cases arises from the tension in the SM CKM fit between K (when using the
experimental data for Vcb and sin 2β as inputs) and SψKS = sin 2β [80–84, 97]. As shown
in Section 2, this tension can be solved either by increasing K (as in the first case) or
by decreasing SψKS by means of a new physics contribution to the Bd mixing phase (as
in the second case). In the second case, also a positive contribution to Sψφ = − sin 2φs
is generated. The top right panel shows the fit prediction in a fit where φB = 0 and
cBLL = c
K
LL ≡ cLL, i.e. the U(3)3 or MFV limit. In that case, a positive cLL cannot solve
the CKM tension, since it would lead to an increase not only in K , but also in ∆Md,s.
The two plots in the bottom row of Fig. 3.1 show the projections onto the cKLL–c
B
LL
and cBLL–φB planes of the fit with all 3 parameters in (3.13,3.14) non-zero. Since both
solutions to the CKM tension now compete with each other, the individual parameters
3We report here the fit as of spring 2012, when it was originally performed. Since then, a new more
precise determination of some lattice parameters has been obtained in [96]. It resulted in the values
fBs
√
Bˆs = (262± 10) MeV and ξ = 1.225± 0.031, to be compared with the old ones shown in Tab. 3.1.
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|Vud| 0.97425(22) [98] fK (155.8± 1.7) MeV [99]
|Vus| 0.2254(13) [100] BˆK 0.737± 0.020 [99]
|Vcb| (40.6± 1.3)× 10−3 [101] κ 0.94± 0.02 [102]
|Vub| (3.97± 0.45)× 10−3 [103] fBs
√
Bˆs (288± 15) MeV [104]
γCKM (74± 11)◦ [84] ξ 1.237± 0.032 [99]
|K | (2.229± 0.010)× 10−3 [101] ηtt 0.5765(65) [105]
SψKS 0.673± 0.023 [106] ηct 0.496(47) [107]
∆Md (0.507± 0.004) ps−1 [106] ηcc 1.87(76) [97]
∆Ms/∆Md (35.05± 0.42) [106,108]
φs −0.002± 0.087 [109]
Table 3.1: Observables and hadronic parameters used as input to the ∆F = 2 fits.
are less constrained individually. In the case of supersymmetry with dominance of gluino
contributions, as mentioned above, the modification of the Bd,s and K mixing amplitudes
is correlated by the common loop function F0, which depends on the gluino and left-
handed sbottom masses. Taking into account direct constraints from LHC on the sbottom
and gluino masses, one finds that values of F0 above about 0.04 are disfavoured. This
constraint is shown in the bottom-left panel of Fig. 3.1 as a gray region. However, we note
that this bound (but not the correlation predicted by U(2)3) is invalidated once chargino
contributions dominate.
Before moving to ∆F = 1 processes, we come back to the fact that solving the CKM
tension via a new Bd,s mixing phase implies a positive contribution to Sψφ. This conclusion
holds if one considers the central value for |Vub|, as we did. In light of the experimental
tensions in its determination (see Section 2.2 for a discussion), one could have instead let
this parameter free to vary in a given range, as the authors of [110] did. Their result is
that for small values of |Vub| allowed by the CKM fit, also a negative contribution to Sψφ
can be generated in the U(2)3 framework. Their Fig. 3.2.1 makes this evident, where
one can also visualize the U(3)3 case for comparison, represented by black dots. In other
words, a triple correlation Sψφ–SψKS–|Vub| is obtained: a precise measurements of two of
these observables would result in a prediction for the third one, that could allow to test
the U(2)3 picture.
Finally, a solution of the tension could be tested by improvements in the experimental
determination of γCKM, as evident e.g. from Figures 2.2 and 2.5.
3.2.2 ∆F = 1 processes
The U(2)3 predictions for ∆F = 1 processes are more model-dependent because a larger
number of operators is relevant. In addition, the main prediction of universality of b→ s
and b→ d amplitudes (but not s→ d amplitudes) is not well tested. Firstly, current data
are better for b → s decays compared to b → d decays. Secondly, the only clean s → d
processes are K → piνν¯ decays, but b→ qνν¯ processes have not been observed yet. Thus,
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Figure 3.1: Fit predictions (68 and 95% Bayesian credible regions) in ∆F = 2 fits with
cBLL = 0 (top left), c
K
LL = 0 (top centre), c
B
LL = c
K
LL, φB = 0 (top right, relevant to U(3)
3)
and with all 3 parameters independent (bottom). The gray region in the bottom left
plot is disfavoured by direct searches only in the SUSY case with dominance of gluino
contributions.
in the following we will only take into account data from inclusive and exclusive b → s
decays, making use of the results of [111], and present the constraints on the effective
operators (v = 246 GeV)
∆L∆B=1mag =
∑
i=d,s
ξibmb
[
c7γe
iφ7γ
Λ2
(
d¯iLσµνbR
)
eF µν +
c8ge
iφ8g
Λ2
(
d¯iLσµνT
abR
)
gsG
µν a
]
+ h.c. ,
(3.21)
∆L4f,∆B=1L =
∑
i=d,s
ξib
[
cLe
iφL
Λ2
(
d¯
i
LγµbL
) (
l¯LγµlL
)
+
cRe
iφR
Λ2
(
d¯
i
LγµbL
)
(e¯RγµeR)
+
cHe
iφH
Λ2
v2
2
(
d¯
i
LγµbL
) g
cw
Zµ
]
+ h.c. , (3.22)
where the coefficients c7γ,8g, cL,R,H are real and in general all the coefficients in (3.21),(3.22)
can be relevant and of O(1), while in the supersymmetric case only c7γ and c8g are relevant
(see Section 5.3). Since the chromomagnetic penguin operator enters the observables
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Figure 3.2: Sψφ vs. SψKS for different values of |Vub|. From top to bottom: |Vub| = 0.0046
(blue), 0.0043 (red), 0.0040 (green), 0.0037 (yellow), 0.0034 (cyan), 0.0031 (magenta),
0.0028 (purple). Black dots: φB = 0. Light and dark gray: experimental 1 and 2 σ
regions.
considered in the following only through operator mixing with the electromagnetic one,
we will ignore c8g in the following.
Fig. 3.3 shows the constraints on the coefficients of the four operators in (3.21),(3.22)
and their phases. They are updated with the analysis of Ref. [112], which includes the most
recent results for Bs → µµ and the various b→ s decays. The constraints are particularly
strong for the magnetic penguin operator and the semi-leptonic left-left vector operator.
In the first case, this is due to the B → Xsγ branching ratio, in the second case due to the
angular observables in B → K∗µ+µ−. Interestingly, in both cases, the constraint is weaker
for maximal phases of the new physics contribution, since the interference with the (real)
SM contribution is minimized in that case. For the two operators in the right-hand column
of Fig. 3.3, this effect is slightly less pronounced. The reason is that both coefficients are
accidentally small in the SM: in the first case due to the small Z coupling to charged
leptons proportional to (1 − 4s2w) and in the second case due to C9(µb) ≈ −C10(µb) (in
the convention of [111]).
To ease the interpretation of Fig. 3.1, 3.3, all the coefficients are normalized, as explic-
itly indicated, to a scale Λ = 3 TeV, which might represent both the scale of a new strong
interaction responsible for EWSB, Λs ≈ 4piv, or the effective scale from loops involving the
exchange of some new weakly interacting particle(s) of mass of O(v). Interestingly the fits
of the current flavour data are generally consistent with coefficients of order unity, at least
if there exist sizable non vanishing phases, when they are allowed. Note in this respect
that U(3)3 at low tan β does not allow phases in cL,R,H in Fig. 3.3, with correspondingly
more stringent constraints especially on cL. A possible interpretation of these Fig. 3.1, 3.3
is that the current flavour data are at the level of probing the U(2)3 hypothesis in a region
of parameter space relevant to several new theories of EWSB. Needless to say, the pres-
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Figure 3.3: 68 and 95% C.L. allowed regions for the ∆F = 1 coefficients in U(2)3, using
the results of a global analysis of inclusive and exclusive b→ s decays, as well as Bs → µµ
[112]. Courtesy of David M. Straub.
ence of phases in flavour-diagonal chirality breaking operators has to be consistent with
the limits coming from the neutron Electric Dipole Moment. This observation will find
quantitative support in Section 3.2.4. It should also be noted that the coefficients of the
flavour diagonal operators, analogue of the ones in (3.22), are limited by the ElectroWeak
Precision Tests at a similar level to the ones shown in Fig. 3.3.
Analysis of ′/
An observable that has not been included in the previous analysis and is actually relevant
in other contexts as well, like in Minimal Flavour Violation (MFV) [49], is direct CP
violation in K decays, as summarized in the parameter ′. Either in U(2)3 or in MFV, a
contribution to ′ arises from the operators
∆L4f,∆S=1LR =
1
Λ2
ξds(c
d
5Od5 + cu5Ou5 + cd6Od6 + cu6Ou6 ) + h.c., ξds = VtdV ∗ts , (3.23)
where
Oq5 = (d¯LγµsL)(q¯RγµqR), Oq6 = (d¯αLγµsβL)(q¯βRγµqαR), q = u, d. (3.24)
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The dominant contribution to the ′ parameter reads∣∣∣∣′
∣∣∣∣ ' |ImA2|√2 ||ReA0 , (3.25)
where Ai = A(K → (pipi)I=i). Using 〈(pipi)I=2|Oui +Odi |K〉 ' 0 from isospin conservation
and neglecting contributions from other operators, which are subleading, we obtain
ImA2 =
1
Λ2
[(
Cd5 − Cu5
) 〈(pipi)I=2|Od5|K〉+ (Cd6 − Cu6 ) 〈(pipi)I=2|Od6|K〉] . (3.26)
From [113] we have at the scale µ = mc
〈(pipi)I=2|Od5|K〉 ' −
1
6
√
3
(
m2Kρ
2 −m2K +m2pi
)
fpiB
(3/2)
7 (mc),
〈(pipi)I=2|Od6|K〉 ' −
1
2
√
3
(
m2Kρ
2 − 1
6
(m2K −m2pi)
)
fpiB
(3/2)
8 (mc), (3.27)
where ρ = mK/ms. In the following we set B
(3/2)
7 (mc) = B
(3/2)
8 (mc) = 1.
The coefficients C
(3/2)
i = C
d
i −Cui at the low scale µ read in terms of those at the high
scale Λ [75]
C
(3/2)
5 (mc) = η5C
(3/2)
5 (Λ),
C
(3/2)
6 (mc) = η6C
(3/2)
6 (Λ) +
1
3
(η6 − η5)C(3/2)5 (Λ), (3.28)
where
η5 =
(
αs(Λ)
αs(mt)
) 3
21
(
αs(mt)
αs(mb)
) 3
23
(
αs(mb)
αs(mc)
) 3
25
' 0.82 ,
η6 =
(
αs(Λ)
αs(mt)
)− 24
21
(
αs(mt)
αs(mb)
)− 24
23
(
αs(mb)
αs(mc)
)− 24
25
' 4.83 . (3.29)
Requiring the extra contribution from ∆L4f,∆S=1L to respect |′/| < |′/|exp ' 1.7 ×
10−3, we obtain
cu,d5 . 0.4
(
Λ
3 TeV
)2
, cu,d6 . 0.13
(
Λ
3 TeV
)2
. (3.30)
Taking into account the uncertainties in the estimate of the SM contribution to ′/,
which could cancel against a new physics contribution, as well as the uncertainties in the
Bi parameters, this bound might perhaps be relaxed by a factor of a few
4.
4Note that in Supersymmetry the heaviness of the first generation squark circulating in the box loop
suppresses the coefficients cu,d5 and c
u,d
6 .
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3.2.3 Up quark sector in Minimal U(2)3
An analogous analyisis can be performed for operators involving the up quarks. However
if these operators are weighted by the same scale Λ as for the down quarks, they are
phenomenologically irrelevant unless some of the relative dimensionless coefficients are
at least one order of magnitude bigger than the ones in Eqs. (3.13-3.14) and (3.21-3.22).
This is in particular the case for operators contributing to D − D¯ mixing, to direct CP
violation in D-decays or to top decays, t→ cγ or t→ cZ, and to the top chromo-electric
dipole moment (CEDM), to which now we turn our attention.
Within our setup, the relevant effective operators for the above processes are:
HDLL =
cDLL
Λ2
ξ2uc
1
2
(u¯LγµcL)
2 , (3.31)
HDcb =
cDg e
iφDg
Λ2
mc ξuc (u¯LσµνcR) gsGµν , (3.32)
Ht, αcb =
ctαe
iφtα
Λ2
mt ξct (c¯LσµνtR)O
α
µν , O
α
µν = eFµν ,
g
cw
Zµν , (3.33)
Htcc =
ctcce
iφtcc
Λ2
v2
2
ξct (c¯LγµtL)
g
cw
Zµ, (3.34)
Htdm =
cdme
iφdm
Λ2
mt (t¯LσµνtR) gsGµν , (3.35)
where ξuc = VubV
∗
cb, ξct = VcbV
∗
tb and c
D
LL, c
D
g , c
t
α, c
t
cc, cdm are real parameters, with the
phases made explicit wherever present. All these coefficients are model dependent and, in
principle, can be of O(1). Since Λ  v, the requirement of SU(2)L invariance correlates
cDLL, c
t
cc and φ
t
cc with the analogous parameters in the down sector. One can easily see
they have to be equal within a few percent, and so they have to respect bounds similar
to those for cKLL, cH and φH (see Figures 3.1 and 3.3).
D mixing and decay
In the neutral D meson system the SM short distance contribution to the mixing is orders
of magnitudes below the long distance one, thus complicating the theoretical calculation
of the mass and width splittings x and y (see [114], also for a discussion of the relevant
parameters). Despite the above uncertainties, many studies (see [115,116] and references
therein) indicate that the standard model could naturally account for the values x ∼ y ∼
1%, thus explaining the measured 95% CL intervals x ∈ [0.19, 0.97]%, y ∈ [0.54, 1.05]%
[106].
Here, like in [114, 117], we take the conservative approach of using the above data as
upper bounds to constrain new physics contributions. Referring to the analysis carried
out in [114, 117], within our framework it turns out that the most effective bound is the
one on the coefficient in the operator HDLL. In our notation it reads
cDLL
2
(
3 TeV
Λ
)2
< 90, (3.36)
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so to saturate it we would need values of cDLL that are excluded, since they would imply
a too large contribution to ∆F = 2 observables in the down sector.
Let us now turn our attention to direct CP violation in D decays [118]. The quantity
of interest is the difference between the time-intagrated CP asymmetries in the decays
D0 → K+K− and D0 → pi+pi−, for which the HFAG reports the world average ∆ACP =
AKK − Apipi = −(0.33± 0.12) [119]. In reference [117] all the possible effective operators
contributing to the asymmetry are considered, while respecting at the same time the
bounds coming from D-D¯ mixing and from ′K/K . Following that analysis, the only
operator that can give a relevant contribution in Minimal U(2)3 is HDcb, ∆aCP being
proportional to the imaginary part of the relative coefficient. Referring to the estimations
carried out in [117] and [120] for the hadronic matrix elements5, the measured value of
∆ACP imposes an upper bound
cDg sin(argξuc + φ
D
g )
(
3 TeV
Λ
)2
. 20, (3.37)
a value out of reach if we want to keep the parameter cDg to be of order one.
Top FCNC and dipole moments
The LHC sensitivity at 14 TeV with 100 fb−1 of data is expected to be (at 95% CL)
[121]: BR(t → c Z, uZ) ' 5.5 × 10−5 and BR(t → c γ, u γ) ' 1.2 × 10−5. Here we
concentrate on the charm channels, since both in the SM and in our framework the up
ones are CKM suppressed. In the SM, BR(t → c Z, c γ) can be estimated to be of order
(m2b/m
2
W )
2 |Vcb|2 α2/s2w ∼ 10−12, so that an experimental observation will be a clear signal
of new physics. To estimate the U(2)3 effects for these processes, we follow the analysis
carried out in [122]. The dominant contributions are those given by the operators Ht, γcb
for t→ cγ, and Ht,Zcb and Htcc for t→ cZ. We obtain
BR(t→ c γ) ' 1.7× 10−8
(
3 TeV
Λ
)4
ctγ
2
, (3.38)
BR(t→ c Z) ' 8.5× 10−8
(
3 TeV
Λ
)4 (
0.61 ctZ
2
+ 0.39 ctcc
2
+ 0.83 ctZ c
t
cc cos(φ
t
cc − φtZ)
)
,
(3.39)
leading us to conclude that any non-zero evidence for these decays at the LHC could not
be explained in our setup, unless we allow the dimensionless coefficients to take values
more than one order of magnitude bigger than the corresponding ones in the down sector
(actually this could be possible only for ctZ and c
t
γ but not for c
t
cc, because of its correlation
with cH and of the bounds of Fig. 3.3).
The recent analysis carried out in [123] has improved previous bounds [124] on the
top CEDM d˜t by two orders of magnitude, via previously unnoticed contributions of d˜t to
5A more explicit discussion of how to extract bounds from this observable, on HDcb and other operators,
is presented in 3.3.1.
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the neutron electric dipole moment (EDM). In deriving this bound, the authors of [123]
have assumed the up and down quark EDMs du,d and CEDMs d˜u,d to be negligible. This
is relevant in our context if
• we allow for generic phases outside the spurions V , ∆Yu and ∆Yd,
• we assume that some other mechanism is responsible for making du,d and d˜u,d negligi-
ble. Notice that this is actually the case in SUSY with heavier first two generations,
where on the contrary there is no further suppression of d˜t with respect to the EFT
natural estimate.
Then, the bound given in [123] imposes
cdm| sinφdm|
(
3 TeV
Λ
)2
< 0.6 , (3.40)
so that future experimental improvements in the determination of the neutron EDM will
start to challenge the U(2)3 scenario with CP violating phases outside the spurions, if the
hypothesis of negligible du,d and d˜u,d is realized.
3.2.4 Electric dipole moment of the neutron
The presence of phases in flavour-diagonal chirality breaking operators has to be consistent
with the limits coming from the neutron electric dipole moment (EDM). To make the
statement more precise, we derive a quantitative bound for the Minimal breaking case,
also for comparison with the General breaking case, analyzed in the next section.
The relevant contraints come from the CP violating contributions to the operators
∆L∆F=0mag =
1
Λ2
[
c˜gue
iφ˜gumu(u¯LσµνT
auR) + c˜
g
de
iφ˜gdmd(d¯LσµνT
adR)
]
gsG
µν
a
+
1
Λ2
[
c˜γue
iφ˜γumu(u¯LσµνuR) + c˜
γ
de
iφ˜γdmd(d¯LσµνdR)
]
eF µν + h.c. , (3.41)
where we have made all the phases explicit. In terms of the coefficients of (3.41), the
up and down quark electric dipole moments (EDMs) and chromoelectric dipole moments
(CEDMs), defined as in [125], are
dq = 2e
mq
Λ2
c˜γq sin(φ˜
γ
i ), d˜q = 2
mq
Λ2
c˜gq sin(φ˜
g
q), q = u, d. (3.42)
The contribution to the neutron EDM reads [125]
dn = (1± 0.5)
(
1.4(dd − 14du) + 1.1e(d˜d + 12 d˜u)
)
, (3.43)
where all the coefficients are defined at a hadronic scale of 1 GeV.
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Taking into account the RG evolution between 3 TeV and the hadronic scale, the 90%
C.L. experimental bound |dn| < 2.9 × 10−26 e cm [89] implies for the parameters at the
high scale
c˜γu sin(φ˜
γ
u) . 1.9× 10−2
(
Λ
3 TeV
)2
, c˜γd sin(φ˜
γ
d) . 2.4× 10−3
(
Λ
3 TeV
)2
, (3.44)
c˜gu sin(φ˜
g
u) . 7.1× 10−3
(
Λ
3 TeV
)2
, c˜gd sin(φ˜
g
d) . 1.8× 10−3
(
Λ
3 TeV
)2
. (3.45)
Note that the bounds are automatically satisfied if one does not allow for phases outside
the spurions. Otherwise, even with generic phases φ˜γ,gu,d, the smallness of the coefficients
can be explained taking the new physics scale related to the first generation decoupled
from the scale Λ of EWSB, as allowed by the U(2)3 symmetry. This can be realized
in concrete models such as supersymmetry, where the operators in (3.41) come from
Feynman diagrams involving the exchange of heavy first generation partners. Note that
this possibility is absent in MFV, making U(2)3 a somehow more attractive framework
also from the point of view of flavour blind CP violation.
3.3 Extra-features of Generic U(2)3
Generic U(2)3, introducing physical rotations in the right handed sector as well, gives rise
to extra flavour and CP violating contributions in (3.11). The most significant of them
are contained in ∆Lmag and in ∆L4fLR of (3.11). In the following, we first discuss the
relevant new effects with respect to Minimal U(2)3, which show up in ∆C = 1, ∆S = 1
and ∆S = 2 observables, as well as in flavour conserving electric dipole moments. We
then see how in B and t decays and in D-D¯ mixing the new effects are at most analogous
in magnitude to those of the Minimal breaking case.
3.3.1 ∆C = 1: D decays
CP asymmetries in D decays receive contributions from chromo-magnetic dipole operators
with both chiralities,
∆L∆C=1mag =
1
Λ2
cgDe
iφgDζuc
[
e−iφ
u
2
uR
L
O8 + eiφu1 s
u
R
suL
uR
L
O′8
]
+ h.c. (3.46)
where
O8 = mt(u¯LσµνT acR)gsGµνa , O′8 = mt(u¯RσµνT acL)gsGµνa , (3.47)
and with φgD we account for the possibility of CP violating phases outside the spurions (see
Appendix A for details). Most notably, the recently observed CP asymmetry difference
between D → KK and D → pipi decays provide the stronger constraint to new physics
contributions to the chromo-magnetic operators. Following [117,120] we write at the scale
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µ = mc
∆ACP ' −2
λ
[
Im(V ∗cbVub)Im
(
∆RSM
)
+
1
Λ2
(
Im
(
C8
)
Im
(
∆RNP
)
+ Im(C ′8)Im
(
∆R′NP
))]
,
(3.48)
where the Cabibbo angle λ is defined in (3.8), ∆R(′)SM,NP = R(′)SM,NPK + R
(′)SM,NP
pi , RSMK,pi
are the ratios between the subleading and the dominant SM hadronic matrix elements,
and
R
(′)NP
K ' V ∗csVus
〈K+K−|O(′)8 |D〉
〈K+K−|LSMeff |D〉
∼ 0.1× 4pi
2mt
mc
√
2
GF
, (3.49)
R(′)NPpi ' V ∗cdVud
〈pi+pi−|O(′)8 |D〉
〈pi+pi−|LSMeff |D〉
' R(′)NPK . (3.50)
In our estimates we will assume maximal strong phases, which imply |Im ∆R(′)NP| '
2R
(′)NP
K . The SM contribution can be naively estimated to be ∆R
SM ∼ αs(mc)/pi ∼ 0.1,
but larger values from long distance contributions could arise.6.
Requiring the new physics contribution to ∆ACP to be less than updated world average
[119], ∆AexpCP = (−0.33± 0.12)%, implies
cgD
uR
L
sin (δ − φu2 + φgD)
sin δ
. 0.18
(
Λ
3 TeV
)2
, cgD
suR
suL
uR
L
sin(δ + φu1 − φgD)
sin δ
. 0.18
(
Λ
3 TeV
)2
.
(3.51)
The bound can be saturated without violating indirect constraints on these operators
arising from ′ or D-D¯ mixing due to weak operator mixing [117]. We stress that the
bounds in (3.51) carry an order one uncertainty coming from the normalized matrix
elements Rpi,K .
3.3.2 ∆F = 0: neutron EDM
In the flavour conserving case, important constraints arise from the up and down quark
electric dipole moments (EDMs) and chromo-electric dipole moments (CEDMs). In ad-
dition to (3.41) there are new contributions coming from the CP violating part of the
operators
∆L∆F=0mag =
mt
Λ2
ξuu e
−iφu1 s
u
R
suL
uR
L
[
cgue
iφgu(u¯LσµνT
auR)gsG
µν
a + c
γ
ue
iφγu(u¯LσµνuR)eF
µν
]
+
mb
Λ2
ξdd e
−iφd1 s
d
R
sdL
dR
L
[
cgde
iφgd(d¯LσµνT
adR)gsG
µν
a + c
γ
de
iφγd (d¯LσµνdR)eF
µν
]
+ h.c. ,
(3.52)
6At the time these results were published, the experimental central value of ∆ACP was a factor of two
larger than the current one and more than 3σ away from zero [118, 126], making a possible explanation
within the SM an open issue (see e.g [127–129]).
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where we remind that φu,d1 are non zero even if there are no CP phases outside the spurions.
The new contributions to the quark (C)EDMs are
du = 2e
mt
Λ2
ξuu
suR
suL
uR
L
cγu sin(φ
γ
u − φu1), d˜u = 2
mt
Λ2
ξuu
suR
suL
uR
L
cgu sin(φ
g
u − φu1), (u↔ d).
(3.53)
From (3.43), considering again the running of the Wilson coefficients from 3 TeV down
to the hadronic scale of 1 GeV, the experimental bound on the neutron EDM implies for
the parameters at the high scale
cγu | sin(φγu − φu1)|
suR
suL
uR
L
. 1.2× 10−2
(
Λ
3 TeV
)2
,
cγd | sin(φγd − φd1)|
sdR
sdL
dR
L
. 3.2× 10−2
(
Λ
3 TeV
)2
,
cgu | sin(φgu − φu1)|
suR
suL
uR
L
. 4.4× 10−3
(
Λ
3 TeV
)2
,
cgd | sin(φgd − φd1)|
sdR
sdL
dR
L
. 2.5× 10−2
(
Λ
3 TeV
)2
. (3.54)
Notice that since the operators of (3.52) are generated through the right-handed mix-
ings with the third generation, the coefficients cγ,gu,d can no longer be suppressed by the
large scale associated with the first generations quarks (such as the mass scale of scalar
or fermionic first generation quark partners in SUSY or composite Higgs models) as in
the Minimal case, and the bounds above will constrain suR
u
R and s
d
R
d
R.
3.3.3 ∆S = 1: ′/
The s→ d chromomagnetic dipole
∆L∆S=1mag =
mt
Λ2
cgKe
i(φgK−φd2)λbξds
dR
L
(
d¯LσµνT
asR
)
gsG
a
µν (3.55)
contributes to ′. Following the analysis in [130], one obtains the bound
cgK
sin(β + φgK − φd2)
sin β
dR
L
. 0.7
(
Λ
3 TeV
)2
. (3.56)
Furthermore, in addition to the LR four fermion operators in (3.23), there is a contribution
to ′ also from the operators with exchanged chiralities
∆L4f,∆S=1LR =
1
Λ2
ξds
sdR
sdL
(
dR
L
)2
ei(φ
d
1−φd2)(c′d5 O′d5 + c′u5 O′u5 + c′d6 O′d6 + c′u6 O′u6 ) + h.c. , (3.57)
where
O′q5 = (d¯RγµsR)(q¯LγµqL), O′q6 = (d¯αRγµsβR)(q¯βLγµqαL), q = u, d. (3.58)
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From (3.30) one gets
c′u,d5
sin(β + φd1 − φd2)
sin β
sdR
sdL
(
dR
L
)2
. 0.4
(
Λ
3 TeV
)2
, (3.59)
c′u,d6
sin(β + φd1 − φd2)
sin β
sdR
sdL
(
dR
L
)2
. 0.13
(
Λ
3 TeV
)2
, (3.60)
which is not particularly relevant since a stronger bound on the combination (sdR/s
d
L)(
d
R/L)
2
comes from K .
3.3.4 ∆S = 2: K
Finally, the only relevant new effect contained in ∆L4fLR arises from ∆S = 2 operators
contributing to K , which are enhanced by a chiral factor and by renormalization group
effects. The relevant operators are
∆L∆S=2LR =
1
Λ2
sdR
sdL
(
dR
L
)2
ξ2dse
i(φd1−φd2)
[
cSLRK λ
2
b
(
d¯LsR
) (
d¯RsL
)
+ cV LRK
(
d¯LγµsL
) (
d¯RγµsR
)]
.
(3.61)
Using bounds from [46], one gets
cV LRK
sin(2β + φd1 − φd2)
sin 2β
sdR
sdL
(
dR
L
)2
. 6× 10−3
(
Λ
3 TeV
)2
. (3.62)
3.3.5 D mixing, B and top FCNCs
In the D and B systems there are no enhancements of the matrix elements of the operators
in ∆L4fLR and ∆L4fR , unlike what happens for K mesons. Moreover the new contributions
to these operators are all suppressed by some powers of u,dR /L (see Appendix A). There-
fore they are all subleading with respect to those of Minimal U(2)3, once we take into
account the bounds from the other observables that we have discussed. An analogous
suppression holds also for the operators that contain chirality breaking bilinears involving
one third generation quark, relevant for B and top FCNCs. A four fermion operator of
the form (u¯LcR)(u¯RcL) might in principle be relevant for D-D¯ mixing. However, taking
into account the bounds on uR/L, this new contribution gives effects of the same size of
those already present in Minimal U(2)3 and far from the current sensitivity. Consequently
the phenomenology of B decays is the same for Minimal and Generic U(2)3. The only
difference in the latter is that CP violating effects are generated also if we set to zero the
phases outside the spurions, though suppressed by at least one power of dR/L.
Concerning the up quark sector, given the future expected sensitivities for top FCNCs
[121] and CPV in D-D¯ mixing [131, 132], within the U(2)3 framework we continue to
expect no significant effects in these processes (see Appendix 3.2.3 for the size of the
largest contributions). We stress that, while an observation of a flavour changing top
decay at LHC would generically put the U(2)3 framework into trouble, a hypothetical
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observation of CP violation in D-D¯ mixing would call for a careful discussion of the long
distance contribution.
3.3.6 Comparison of bounds
The bounds in Eqs. (3.51), (3.54), (3.56) and (3.62) constrain the U(2)3 breaking pa-
rameters u,dR and s
u,d
R for given values of the model-dependent parameters c
α
i and phases.
Assuming all the real parameters to be unity and all the phases to be such as to maximize
the corresponding bounds on the U(2)3 breaking parameters, to be conservative, Fig. 3.4
compares the strength of the bounds from the different observables. One can make the
following observations:
• ∆ACP could be due to new physics compatible with U(2)3 if uR ∼ 0.1L. However,
with phases that maximize all the constraints, the bound on the up-quark CEDM
then requires the angle suR to be more than one order of magnitude smaller than
the corresponding “left-handed” angle suL, whose size is determined by the CKM
matrix.
• If dR . 0.1L, bounds from the kaon system and the down quark (C)EDM are
satisfied even without a considerable alignment of the ∆Yd spurion.
Needless to say, in concrete models the relative strength of these bounds could vary by
factors of a few.
3.4 Comparison with U(3)3 at small and large tan β
It is useful to compare the expectations of the U(2)3 symmetry suitably broken as de-
scribed in Section 3.1 with the case of U(3)q × U(3)u × U(3)d broken in the directions
Yu = (3, 3¯, 1) and Yd = (3, 1, 3¯), as we now briefly recall from the literature [49, 133–135].
First, by sole U(3)3 transformations, one can set without loss of generality
Yu = V
†
0 Y
diag
u , Yd = Y
diag
d , (3.63)
where Y diagu , Y
diag
d are real diagonal matrices and V0 is a unitary matrix
7 dependent on
one single phase. Therefore the CKM phase is the only source of CP violation if no new
phase is born outside of Yu or Yd, no matter what the value of tan β is.
As in the U(2)3 case, to determine the relevant flavour violating operators one has to
reduce the kinetic terms to canonical form and the mass matrices to real diagonal form.
In turn this depends on the value of tan β which determines the need to include or not
powers of YdY
†
d in effective operators. For moderate tan β the relevant flavour violating
quark bilinears in the physical basis have the approximate form (i, j = d, s, b):
A d¯Liσµν(V
†I3V Y diagd )ijdRj, B d¯Liγµ(V †I3V )ijdLj, (3.64)
7We use the notation V0 to distinguish it from the CKM matrix V which differs in general by order
one corrections from V0.
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Figure 3.4: Bounds on the free parameters of Generic U(2)3 breaking, normalized to the
parameters present in Minimal U(2)3 breaking (determined by the CKM), with maximal
phases. The black solid line in both plots shows the bound from the neutron EDM (the
shaded region is disfavoured at 90% C.L.). In the left-hand plot, the green dashed line
on the left corresponds to the current bound from ∆ACP, the one on the right to the old
experimental central value. The darker shaded region is disfavoured, while in the lighter
region, new physics could account for the old large experimental value. In the right-hand
plot, the red dashed line shows the bound from K and the blue dotted line the one from
′.
where A is a complex parameter and B a real one. This leads to the following set of
relevant operators (ξij = VtjV
∗
ti ):
i) ∆F = 2
CLLξ
2
ij
1
2
(d¯LiγµdLj)
2, (3.65)
ii) ∆F = 1, chirality breaking (α = γ,G):
Cαeiχ
α
ξij(d¯LiσµνmjdRj)O
α
µν , O
α
µν = eFµν , gsGµν , (3.66)
iii) ∆F = 1, chirality conserving (β = L,R,H):
Cβξij(d¯LiγµdLj)O
β
µ, O
β
µ = (l¯LγµlL), (e¯RγµeR), (H
†DµH), (3.67)
with CLL, C
α, Cβ real.
At large tan β both powers of YuY
†
u and YdY
†
d are relevant in effective operators [133,
134, 136]. The fact that λt and λb are both of O(1) leads to the the breaking of U(3)
3
down to U(2)3. Note that this is not enough to conclude that U(3)3 at large λb leads to
the same pattern of flavour violation described in the previous section. For this to happen
one needs that the breaking directions of U(2)3 be as in (3.3). However, due to the fact
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that U(3)3 is only broken in the Yu,d directions, this is the case. To see this, after suitable
U(3)3 transformations, one can write Yu,d as [133,134]
Yu,d = e
±iχˆ/2 λt,b
(
∆Yu,d 0
0 1
)
, (3.68)
where ∆Yu,d are 2 × 2 matrices as in (3.3) and χˆ is a hermitian 3 × 3 matrix with χ a
2-component vector,
χˆ =
(
0 χ
χ† 0
)
, (3.69)
which determines the misalignment of Yu,d in the 13 and 23 directions, known to be small,
of order |Vcb|, from the CKM matrix. Expanding in χˆ,
Yu,d ≈ λt,b
(
∆Yu,d ±iχ/2
±iχ†∆Yu,d/2 1
)
, (3.70)
which shows that χ plays the same role as V . For example the term in the bottom
left of (3.70), of subleading order, is given in the language of (3.1, 3.2) by q¯3(V
†∆YddR)
or q¯3(V
†∆YuuR)8. Therefore U(3)3 at large tan β leads in general to the same effective
operators as in (3.13,3.14) and (3.21,3.22), apart from the characteristic tan β-dependence
of the various coefficients, which should also show up both in flavour violating and in
suitable flavour conserving amplitudes.
3.5 Extension to the charged lepton sector
If one tries to extend the considerations developed so far to the lepton sector, one faces
two problems. First, while the hierarchy of charged lepton masses is comparable to the
mass hierarchies in the quark sector, the leptonic charged-current mixing matrix does not
exhibit the hierarchical pattern of the CKM matrix. Secondly, in the likely possibility
that the observed neutrinos are of Majorana type and are light because of a small mixing
to heavy right-handed neutrinos, the relevant parameters in the Yukawa couplings of
the lepton sector, Hl¯LYeeR and H˜l¯LYννR, are augmented, relative to the ones in the
quark sector, by the presence of the right-handed neutrino mass matrix, νTRMνR, which
is unknown. To overcome these problems we make the following two hypotheses:
• we suppose that the charged leptons, thorough Ye, behave in a similar way to the
quarks, whereas Yν and M are responsible for the anomalously large neutrino mixing
angles;
• we assume that Yν has no significant influence on flavour physics near the Fermi
scale in spite of the presence at this scale of new degrees of freedom carrying flavour
8As in the case of Eq. (3.63), note that Yu,d in (3.70) are not in general proportional to the physical
u, d mass matrices, due to the presence of YuY
†
u and YdY
†
d corrections both in the mass terms themselves
and in the kinetic terms.
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indices, like sneutrinos or heavy composite leptons. One can imagine many reasons
for this to be the case, like e.g. in the discussion of leptons in composite Higgs
models of Chapter 79.
Extending U(3)3 and U(2)3 to the leptonic sector, we consider respectively a U(3)l ×
U(3)e and a U(2)l × U(2)e symmetry. Here comes another significant difference between
the two cases: in the U(3)l×U(3)e case, with Ye transforming as a (3, 3¯), there is no new
flavour changing phenomenon at the Fermi scale other than the leptonic charged-current
mixing matrix, since Ye can be diagonalized by a U(3)l × U(3)e transformation. On the
contrary, let us assume that the U(2)l×U(2)e symmetry be broken weakly by the spurions
∆Ye = (2, 2¯) , Ve = (2, 1) . (3.71)
By proceeding in the same way as for the quarks in Section 3.1, one can set
Ve
T = (0, η), ∆Ye = R
e
12∆Y
diag
e (3.72)
and see the occurrence of flavour changing bilinears with two important differences relative
to the quark case. Firstly, one cannot relate the size of η or of the angle θe in R
e
12 to the
mixing matrix in the leptonic charged current. Secondly, due to the importance of µ→ eγ,
one has to include in the expansion of the chirality breaking bilinears (see Appendix A for
the analogous procedure in the quark sector), subleading terms like (l¯LVe)(Ve
†∆YeeR),
and perform the rotation to the physical basis to the corresponding order in the spurions.
The flavour changing dimension six effective operators in the lepton sector can then
be written as
i) τ → µ, e, chirality breaking:
cτζiτmτ (e¯LiσµντR) eFµν , (3.73)
ii) µ→ e, chirality breaking:
cµζeµmµ (e¯LσµνµR) eFµν , (3.74)
iii) τ → µ, e, chirality conserving:
cβτ ζiτ (e¯LiγµτL)O
β
µ, (3.75)
Oβµ =
(
l¯LγµlL
)
, (e¯RγµeR) , (q¯LγµqL) , (u¯RγµuR) ,
(
d¯RγµdR
)
,
(
H†DµH
)
, (3.76)
iv) µ→ e, chirality conserving:
cβµζeµ (e¯LγµµL)O
β
µ, (3.77)
where ζij = U
3i∗
eL U
3j
eL and |UeL| ' Re12Re23 is the left-handed charged lepton Yukawa diago-
nalization matrix. All these coefficients are model dependent and, in principle, of similar
order.
9For an implementation of U(2)3 in Supersymmetry that includes also neutrinos see [137].
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3.5.1 Lepton Flavour Violation in U(2)2
Here we list the contributions to LFV observables induced by the operators
Heff =
∑
j>i
ζij
Λ2
[
cjmej(e¯LiσµνeRj)eFµν + c
l
j(e¯LiγµeLj)(e¯Liγ
µeLi) + c
e
j(e¯LiγµeLj)(e¯Riγ
µeRi)
(3.78)
+ cuj (e¯LiγµeLj)(u¯γ
µu) + cdj (e¯LiγµeLj)(d¯γ
µd)
]
+ h.c. (3.79)
The lj → liγ branching ratio is given by
BR(lj → liγ) = 192pi
3α
G2F
|ζijcj|2
Λ4
bij , (3.80)
where bij = BR(lj → liνν¯). The lj → lil¯ili branching ratio reads [138,139]
BR(lj → 3li) = 1
2G2F
bij
|ζij|2
Λ4
[
e4|cj|2
(
16 ln
mlj
mli
− 22
)
+
1
2
|clj|2 +
1
4
|cej |2
+ e2
(
2cjc
l∗
j + cjc
e∗
j + h.c.
) ]
. (3.81)
For µ-e conversion, one obtains [138,140]
Γ(µ→ e) = α
3
4pi2
Z4eff
Z
|F (q)|2m5µ
|ζij|2
Λ4
∣∣(2Z +N)cuj + (2N + Z)cdj − 2Ze2cj∣∣2 . (3.82)
In the case of 4822Ti, one has Zeff = 17.6 and |F (q2)| = 0.54 and the conversion rate is
defined as
CR(µ Ti→ e Ti) = Γ(µ Ti→ e Ti)
Γ(µ Ti→ capture) , (3.83)
where the capture rate is Γ(µ Ti→ capture) = (2.590± 0.012)× 106 s−1.
3.5.2 Bounds on the U(2)3 coefficients
The current bounds on LFV processes are collected in Tab. 3.2. Using them, bounds
can be set on the above coefficients, making assumptions about the mass scale of new
physics and the size of the mixing angles ζij. In Tab. 3.3, we show the bounds on the
dimensionless reduced coefficients
c˜ij = cj ×
[
3 TeV
Λ
]2 [
ζij
VtiV ∗tj
]
, (3.84)
where the indices i, j = e, µ, τ refer to the specific flavour transitions. For Λ = 3 TeV
some of these bounds are significant, especially from µ-decay processes. Note however that
the normalization of the ζij to the corresponding products of the CKM matrix elements
should only be taken as indicative. Note furthermore that the operators contributing to
µ → e conversion are suppressed in specific models by explicit gauge coupling factors
(supersymmetry) or by small mass mixing terms (composite Higgs models, see below).
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µ→ eγ 2.4× 10−12 [141] µ→ 3e 1.0× 10−12 [142] µ→ e (Ti) 6.1× 10−13 [143]
τ → eγ 3.3× 10−8 [144] τ → 3e 2.7× 10−8 [145]
τ → µγ 4.3× 10−8 [144] τ → 3µ 2.1× 10−8 [145]
Table 3.2: 90% C.L. experimental upper bounds on the branching ratios of 6 LFV decays
and on the µ→ e conversion rate in Titanium.
operator |c˜eµ| |c˜eτ | |c˜µτ | constrained from
mej(e¯LiσµνeRj)eFµν 0.07 0.79 0.2 lj → liγ
(e¯LiγµeLj)(e¯Liγ
µeLi) 0.6 9.4 1.8 lj → 3li
(e¯LiγµeLj)(e¯Riγ
µeRi) 0.9 13 2.6 lj → 3li
(e¯LiγµeLj)(u¯γ
µu) 0.03 – – µ→ e (Ti)
(e¯LiγµeLj)(d¯γ
µd) 0.03 – – µ→ e (Ti)
Table 3.3: 90% C.L. upper bounds on the reduced coefficients defined in (3.84). The last
column lists the processes giving the strongest constraint on the respective operators.
3.6 Summary and partial conclusions
A suitably broken U(2)3 flavour symmetry may allow for deviations from the CKM picture
of flavour and CP violations related to new physics at the ElectroWeak scale and waiting
to be discovered. We have defined a Minimal and a Generic U(2)3 case, depending on
the fact that one takes a minimal set of breaking spurions or one allows all the possible
terms contributing to the quark mass terms. Using an EFT approach to Minimal U(2)3
it is possible to write down an effective Lagrangian
∆L =
∑
i
ciξi
(4piv)2
Oi + h.c. (3.85)
where the ξi are suitable combinations of the standard CKM matrix elements and |ci| = 0.2
to 1 consistently with current experimental constraints. This remains true even after the
inclusion of the constraint coming from direct CP violation in K decays (the ′ parameter)
which had escaped attention so far, to the best of our knowledge, in the EFT context.
If these considerations are of any guidance, the main observables that deserve attention,
in view of conceivable experimental progress, are CP violation in the mixing of the Bs
system, rates and/or asymmetries in B decays, like b → s(d)γ, b → s(d)`¯`, b → s(d)νν¯
and in K → piνν¯ decays, either charged or neutral. A precise determination of |Vub| and
γCKM would also play a key role.
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Chirality conserving Chirality breaking
∆B = 1, 2 ∆S = 1, 2 ∆B = 1 ∆C = 1
U(3)3 moderate tβ
 R R C 0
Minimal U(2)3, U(3)3 large tβ C R C 0
Generic U(2)3 C C C C
Table 3.4: Expected new physics effects in U(3)3 and both Minimal and Generic U(2)3,
for chirality conserving and chirality breaking ∆F = 1, 2 FCNC operators in the B, K, D
systems. R denotes possible effects, but aligned in phase with the SM, C denotes possible
effects with a new phase, and 0 means no or negligible effects. In U(3)3 with moderate
tan β an additional feature is that the effects in b → q (q = d, s) and s → d transitions
are perfectly correlated.
Generic U(2)3 introduces new parameters which do not have a correspondence with
the ones of standard CKM. As such, even insisting on an effective scale at 3 TeV, one
cannot predict the size of the extra effects introduced in Generic U(2)3. We have seen,
however, where the main constraints on the new parameters come from: in the up sector
from CP asymmetries in D decays and from the neutron EDM and, in the down sector,
also from the neutron EDM and from CP violation in the Kaon system. Always with
an effective scale at 3 TeV and barring cancellations among phases, the size of the new
breaking terms included in Generic U(2)3 have to be smaller than the corresponding ones
in Minimal U(2)3. Both Minimal and Generic U(2)3 are unlikely to give rise to any sizeable
effect neither in top FCNCs nor in CP violation in D-D¯ mixing at forseen experiments.
Lepton Flavour Violation is in many respects the next due subject although with a
major difficulty: the peculiar properties of the neutrino mixing matrix, quite different from
the quark one, and, perhaps not unrelated, the weaker information available in the lepton
sector relative to the quark sector due to the possible role of the right-handed neutrino
mass matrix. Altogether we find it conceivable that the observed neutrino masses and
mixings have a very high energy origin with little impact on Fermi scale physics. Taking
this view, we have on the contrary assumed that the charged leptons may behave with
respect to flavour in a similar way to the quarks, with a natural extension of U(2)3 to
include as well a U(2)l × U(2)e extra approximate symmetry. While this can only be a
qualitative picture, since we lack any direct information on the relevant mixing matrix, it
gives nevertheless a possible coherent description of LFV signal in the TeV range. One
interesting feature characteristic of U(2)l × U(2)e, suitably broken as in (3.71), is in the
comparison between the µ → e and the τ → µ transitions, with the chirality breaking
operators respectively proportional to ζµτmτ and ζeµmµ.
Suppose that a significant deviation from the SM emerged in the experiments to
come, which could be accounted for in the effective framework described above. How
could one tell that U(2)3 is the relevant approximate symmetry, without uncovering by
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direct production the underlying dynamics (supersymmetry, a new strong interaction or
whatever)? The best way would be to study in B decays the correlation between the s
and the d quarks in the final state, which would have to be the same as in the SM. Such
correlation is in fact also expected in MFV. However, the only way to have effects in MFV
similar to the ones discussed above in Minimal U(2)3 requires the presence of two Higgs
doublets, one coupled to the up quarks and one to the down quarks, with large values
of the usual tan β parameter [49, 134]. This, in turn, would have other characteristic
effects not necessarily expected in Minimal U(2)3. In the case of small tan β or with one
Higgs doublet only, distinguishing MFV from U(2)3 would be straightforward by means
of the additional effects discussed in [2], like CP violation in Bs mixing or non-universal
contributions to B → Kνν¯ vs. K → piνν¯ decays. A synthetic description of new physics
effects in Minimal U(2)3 and in Generic U(2)3 is given in Table 3.4 and compared with
MFV (i.e. U(3)3 at moderate or large tan β). On top of the qualitative differences shown
in Table 3.4, the size of the possible effects is significantly more constrained in U(3)3 at
moderate tan β than in all other cases.
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Part II
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Chapter 4
Supersymmetry
In 1967 Coleman and Mandula [146] proved that the most general symmetry structure
that any quantum field theory can respect is the direct product of Poincare´ covariance
and some internal symmetry, otherwise the S matrix would be trivial, i.e. not enough
degrees of freedom would be available to describe the physical processes that we observe.
It is possible to evade this no-go theorem by relaxing some of its assumptions. One
of them is that the symmetry algebra involves only commutators, i.e. its generators
are bosonic: contrary to causality, locality etc. this assumption seems not to have any
particular physical reason. Indeed one can extend the definition of a Lie algebra (like the
Poincare´ algebra) to the one of a graded Lie algebra, which involves also anticommutators.
Supersymmetry in four spacetime dimensions [147, 148] is a graded Lie Algebra of grade
1, i.e. a spacetime symmetry where spin-1/2 generators Q are introduced, where
Q|fermion〉 = |boson〉 (4.1)
and vice versa. In 1975 Haag, Lopuszanski and Sohnius [149] prooved that higher grades
would not be consistent, given the other physical assumptions of the Coleman-Mandula
theorem.
After this theoretical motivation, we limit ourselves to the case of N = 1 Supersym-
metry, where N is the number of distinct copies of the generators of supersymmetric
transformations, since this appears to be the only phenomenologically viable possibility
in 4 dimensions.
4.1 Supersymmetric theories of Nature
In this section we give a general overview of Supersymmetry (SUSY), and we refer to the
reviews [150–152] for more complete presentations.
• Particle content
By definition, each particle falls in an irreducible representation of the Supersym-
metric group, called “supermultiplet”. Using the fact that the Q’s commute with
the generator of spacetime translations Pµ and the spin-statistics theorem, one can
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show that each supermultiplet contains an equal number of fermionic and bosonic
degrees of freedom, with the relative states usually called “superpartners” of each
other. Since Supersymmetry is in a direct product with the gauge symmetries of
the theory, superpartners have exactly the same gauge-transformation properties.
It is useful and sufficient to introduce two kinds of supermultiplets, each one con-
taining two bosonic and two fermionic degrees of freedom: i) chiral supermultiplets,
consisting of a Weyl fermion ψ and a complex scalar field φ, and ii) gauge (or
vector) supermultiplets, consisting of a massless spin-1 boson Aaµ and a spin-1/2
Weyl fermion λa, usually referred to as “gaugino” (since it transforms as the adjoint
representation of the gauge group, as its gauge boson superpartner).
The immediate way to let the Standard Model particles fit into supermultiplets is
to associate to each SM field a superpartner (which is usually denoted with the
same letter, with the addition of a tilde “˜” on top of it). Each SM fermion (1.6) is
then associated with the corresponding “sfermion” into a chiral supermultiplet, each
gauge boson with a “gaugino” into a vector supermultiplet, and the Higgs boson
with a “Higgsino” into a chiral supermultiplet. One can see that only one Higgs
boson is not a viable possibility (at this level it is sufficient to recognize that it would
ruin anomaly cancellation), rendering necessary at least another Higgs doublet with
opposite hypercharge1. The SM Higgs boson is then a linear combination of the two
supersymmetric Higgses Hu and Hd, their vacuum expectation values are related by
v2 = v2u + v
2
d, and the parameter tan β = vu/vd is usually introduced
2. Is this the
most economical field content obtainable when building a Supersymmetric Standard
Model? If two SM fermionic and bosonic fields had the same quantum numbers
(remember that SUSY and gauge symmetries commute), then they could belong to
the same supermutiplet. The only available possibility would then be to identify the
SM-Higgs with a left-handed sneutrino, but this would induce the same anomaly
non-cancellation, plus some phenomenological problems whose solution would spoil
the minimality which in this spirit motivates the choice, see e.g. the recent [153] and
references therein. The choice of doubling the fields (and adding a Higgs doublet) is
then the one with the minimal field content, defining what is known as the Minimal
Supersymmetric Standard Model (MSSM). Other non-minimal possibilities have
been studied in the literature, for example the Next-to-Minimal Supersymmetric
Standard Model (NMSSM), where an extra gauge singlet is added to the particle
content of the theory. We will motivate and discuss this particular case in more
detail in the following.
1There are actually two other reasons for another Higgs field to be necessary: i) since the superpotential
(see the following of this section) of the theory has to be analytic in the superfields, it is needed to generate
Yukawa couplings in the down-quark and in the lepton sectors; ii) if one wants to realize EWSB in a
Supersymmetric way three spinors are needed (one for Z˜ and two for W˜±), and with only one Higgsino
only two of them are available.
2Usually one considers values of tanβ ≥ 1, since smaller ones would generically induce the top Yukawa
coupling to blow up before the GUT scale.
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• Supersymmetric Lagrangian
Here we give the recipe for building a supersymmetric Lagrangian starting from a
given particle content. The kinetic and gauge terms for all the fields are the usual
ones, built with standard covariant derivatives. Supersymmetry invariance forces
some of the possible additional terms to have coefficients proportional to the gauge
couplings, namely it gives rise to
Lg =
∑
a
[√
2ga(φ
∗T aψλa + h.c.) +
1
2
g2a(φ
∗T aφ)2
]
. (4.2)
The other interactions not controlled by the gauge couplings are most conveniently
expressed in terms of a function W of the scalar fields φ (or, equivalently, of the
supermultiplets), called the superpotential,
W = Liφi +
1
2
M ijφiφj +
1
6
yijkφiφjφk . (4.3)
This is the most general form of the superpotential that allow to build a renormaliz-
able interaction Lagrangian which preserves supersymmetry (the latter requirement
forcing W to be an analytic function of the complex variable φ), which has the form
Lint = −W iW ∗i −
1
2
(W ijψiψj + h.c.) , (4.4)
where W i and W ij are the first and second derivatives of W , with respect to the
fields φi and φi, φj. One can easily show that fermions and bosons have exactly
the same squared mass matrix M∗ikM
kj, and that the yijk’s give rise to Yukawa-like
interactions between fermions and bosons, plus some terms in the scalar potential
of the theory.
A fundamental property of Supersymmetry are the non-renormalization theorems
which, for our purposes, coincide with the statement that the renormalization of
the W parameters is limited to wavefunction renormalization, i.e. W does not
renormalize. This implies that the radiative corrections to each parameter of the
superpotential be proportional to the parameter itself: if at a given input scale a
parameter is small, its running will keep it small also at the other energy scales.
In particular, parameters with the dimension of a mass do not receive corrections
proportional to the square of the highest energy scale they couple to, if all the way
up to this scale Supersymmetry is preserved.
In order to know the whole SUSY-preserving Lagrangian of the MSSM, thanks to
the recipe defined above it is sufficient to give the superpotential
WMSSM = q˜
†
LHuYuu˜R + q˜
†
LHdYdd˜R +
˜`†
LHdYee˜R + µHuHd , (4.5)
where we have not included all the terms that violate either lepton or baryon number,
since e.g. they would generically induce too large contributions to proton decay. To
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justify the absence of such terms a symmetry is usually invoked, the so-called “R-
parity”, under which all the SM particles and the Higgs bosons are even, while their
superpartners are odd. The introduction of this parity has (at least) two other very
important phenomenological consequences: i) the lightest supersymmetric particle
(LSP) is stable, thus providing a possible candidate for particle Dark Matter, and
ii) superparticles are always produced in pairs at colliders.
At this level each SM particle would have exactly the same mass of its corresponding
superpartner, a possibility evidentely ruled out by the fact that no supersymmetric
particle has been observed yet.
• Supersymmetry breaking Lagrangian
In order to take into account this lack of direct evidence, Supersymmetry must be
broken. Here we do not say anything about the particular breaking mechanism, for
which many examples exist in the literature, and report the recipe to build a SUSY
breaking, or “soft” Lagrangian. Our ignorance can be paremetrized by adding the
following extra terms:
Lsoft = −
(
1
2
Maλ
aλa +
1
6
Aijkφiφjφk +
1
2
bijφiφj + h.c.
)
− (m2)ijφ∗jφi , (4.6)
where for simplicity we omitted terms that are absent in the MSSM. All the param-
eters in the “soft” Lagrangian have at least the dimension of a mass: this aspect is
extremely important since (thanks to the Symanzik theorem) it does not invalidate
the non-renormalization theorems, as one would generically expect because of the
breaking of Supersymmetry. A consequence is for example that the dimensionful
parameter µ appearing in the superpotential will not become very large by radiative
corrections involving the masses of heavy unknown particles, i.e. it is technically
natural. On the contrary, radiative corrections to the soft parameters do not benefit
of a similar protection, and their running will be proportional to combinations of
all the soft Lagrangian parameters. Since the Fermi scale emerges as a combination
of these parameters, taking too heavy sparticles would introduce a little hierarchy
problem. In particular, avoiding too much fine-tuning requires the stops to be light,
since their mass is the one giving the bigger contributions to the quadratic term of
the Higgs potential. We will come back to this in the next section. Note finally
that avoiding fine-tuning requires also the SUSY-preserving parameter µ to be of
the same order of the soft parameters, despite its a priori different origin. This issue
is known as the µ-problem.
Concerning more specifically the MSSM, the introduction of Lsoft gives masses M1,2,3
to the gauginos, and adds terms of the type (m2)ij and b to the Higgs potential,
which is the only one allowing a b-term. The A-terms and soft masses m2 appear
in slepton and squark interactions, each one thus being a 3 × 3 complex matrix in
flavour space.
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4.1.1 Some phenomenological features
From the phenomenological point of view, the MSSM constitutes a particular attractive
model for many reasons. We already mentioned that the more immediate way to forbid
proton decay, R-parity, naturally provides a stable Dark Matter candidate. Another
appealing feature is that gauge couplings unification happens at energies of order 1015÷16
GeV with a much better precision than in the SM. Note that the above two properties
still hold if a gauge singlet S is added to the Higgs sector as in the NMSSM.
More specific to the MSSM is the expectation of a light Higgs boson, in fact the
tree-level relation mh < mZ | cos 2β| holds. This upper bound can be lifted by radia-
tive corrections: their effect is to a very good approximation given by the top-stop loop
contributions to the quartic Hu coupling, that modifies the Higgs mass upper bound to
m2h < m
2
Z cos
2 2β + ∆2t . (4.7)
The dominant contribution to ∆t is given by
∆2t =
3
(4pi)2
m4t
v2
[
log
m2
t˜
m2t
+
X2t
m2
t˜
(
1− X
2
t
12m2
t˜
)]
, (4.8)
where m2
t˜
= mQ3mu3 , with m
2
Q3,u3
soft masses of the left and right stops respectively, and
we have chosen v = 174 GeV. The stop mixing parameter Xt = At − µ cot β, with At is
the stop A-term, maximizes the value of ∆t for Xt =
√
6mt˜. To obtain a Higgs mass of
∼ 126 GeV, one needs values of ∆t higher than ∼ 85 GeV. The value of ∆t as a function
of the physical stop masses is displayed in Figure 4.1.1 for the case of maximal mixing.
There also subleading two-loop contributions not made explicit in 4.8 have been taken
into account [154], that have the effect of lowering the value 4.8 by a few GeV. Figure
4.1.1 clearly indicates that, in order to reproduce the Higgs mass, stops heavier than a
TeV are needed, and this lower bound increases in the multi TeV range if one deviates
from the value Xt =
√
6mt˜.
It is interesting to note that the measured value of the Higgs mass also sets an upper
bound on the scale where to expect sfermions, i.e. the SUSY breaking scale, of course
depending on the assumptions made on the rest of the spectrum. We refer the reader
to [155] for a thorough discussion. Here we just mention that for low values of tan β
this scale can even be above 103 TeV, while already for tan β & 4 it cannot be larger
than ∼ 10 TeV.
4.2 Supersymmetry and the hierarchy problem
4.2.1 Natural Supersymmetry
The supersymmetric solution to the hierarchy problem constitutes the main reason to
expect sparticles to show up at the LHC. Let us take the Z boson mass as a definition of
the weak scale, which in the MSSM at largish tan β is given by
m2Z = −2(m2Hu + |µ|2) . (4.9)
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Figure 4.1: Isolines of the radiative contribution ∆t to the Higgs mass, as a function of
the physical stop masses, for the case of maximal stop mixing and tan β = 4.
This clearly points our attention to the parameters µ and mHu as prominent ones in
defining the weak scale. The former as we saw is technically natural thanks to the non
renormalization theorems, the latter instead has no protection and in fact receives cor-
rections proportional to the other soft masses, in particular to the stop one
δm2Hu ' −
3y2t
8pi2
(
m2Q3 +m
2
u3
+ |At|2
)
log
Λ
m2
t˜
, (4.10)
where m2Q3 and m
2
u3
are the soft masses of the left and right stops respectively, and Λ is
the scale at which the soft masses fade away. The next subdominant one-loop correction
to m2Hu has an opposite sign, and is proportional to the Wino mass parameter M2. More
important, at least for not too large M2, is the two-loop gluino contribution, that enters
via its correction to the stop masses
δm2Q3,u3 '
8αs
3pi2
|M3|2 log Λ
M3
, (4.11)
where M3 is the gluino mass. To achieve a natural solution to the hierarchy problem
in SUSY, i.e. not to have a big fine-tuning in 4.9, one then needs µ, mQ3,u3 and M3
to be under control3. This corresponds to a spectrum with light Higgsinos, stops, left
3For a recent and complete analysis, extending also to the NMSSM case, see [156].
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sbottom and, to a lesser extent, a light gluino, while the other sparticles can be heavier.
For example squarks of the first two generations could reach values of tens of TeV before
reintroducing fine-tuning problems. This is the kind of spectrum that defines the so-
called “Natural Supersymmetry”, first proposed in connection with the hierarchy problem
already two decades ago [157, 158], and recently reappraised (see e.g. [159, 160]) in more
explicit connection with superpartners searches at the LHC.
How is this scenario constrained by the LHC? Lower limits on the masses of stops and
gluinos are reaching values of ∼ 600 ÷ 700 GeV and ∼ 1.3 TeV respectively, as can be
seen from Fig. 4.2. These searches rely on some assumptions. In particular they would
be evaded if e.g. the neutralino were close in mass to the stop, see e.g. [161]. On the
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Figure 4.2: Observed exclusions from various searches in the LSP-stop (ATLAS [162],
left) and LSP-gluino (CMS [163], right) masses planes.
contrary in CMS and ATLAS the mass reach in the searches of Higgsinos does not go
beyond ∼ 300 GeV, again with possible caveats.
In any case the fine-tuning induced by the null direct searches is less severe than the
one required in the MSSM in order to accomodate a 126 GeV Higgs boson. As shown in
Fig. 4.1.1 this implied stops heavier than a TeV, resulting in a cancellation of a part over
102÷3 in the different contributions to (4.9).
4.3 The NMSSM as a most natural scenario
It is not difficult to think about ways to increase the Higgs mass at tree level and allow
in such a way for lighter stops, e.g. via adding an extra gauge group or a singlet. In the
following we will be interested in a solution of the second kind, the NMSSM, where as
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already said a gauge singlet S is added to the MSSM particle spectrum. The most general
superpotential is then
WNMSSM = WMSSM + λSHuHd + f(S) , (4.12)
where f is a polynomial containing up to cubic terms in S. This results in
mh < m
2
Z cos
2 2β + ∆2t + λ
2v2 sin2 2β, (4.13)
to be compared with (4.7), and where we chose v = 174 GeV. The additional contribution
to this relation is crucial in lowering the Higgs mass sensitivity to the stop masses and,
as a consequence, its fine-tuning. The maximal contribution to the Higgs mass is reached
for tan β ∼ 1, furthermore values of λ close or greater than one lower the fine-tuning of
the Fermi scale [164]. This last statement can be understood parametrically by looking
at the dependence of the weak scale v on mHu , the parameter where the biggest loop
corrections enter. Considering as an example the scale invariant NMSSM (f(S) = κS3
and µ = 04), one has dv/dm2Hu ' κ/(λ3 tan 2β), while in the MSSM this was fixed to
dv/dm2Hu ' −2v2/m2Z . As pointed out in [156], a minimally tuned case appears to be the
NMSSM with a λ > 1, where the too big contribution to the Higgs mass is compensated
by a non-negligible mixing with the Singlet. However this very compensation can itself
reintroduce a tuned cancellation in the determination of mh. A quantification depends
on the precise definition chosen, as an example in [165] they considered a scale invariant
NMSSM, defined the fine-tuning as the product of the one in v and the one in mh
5, and
obtained results at the level of 5% or better for λ ≈ 1 and stop masses up to 1.2 TeV,
again well above current direct bounds.
In summary, the case of moderate tan β and λ & 1 emerges as a most natural scenario.
On the other hand a well known objection to the NMSSM at λ & 1 is its compatibility
with gauge coupling unification. Requiring λ to stay semi-perturbative up to the GUT
scale bounds λ at the weak scale to be below about 0.7 [166]. There are however several
ways [167–174] in which λ could go to 1 ÷ 1.5 without spoiling unification nor affecting
the consequences at the weak scale of the NMSSM Lagrangian, like e.g. adding a strongly
interacting sector at the scale where λ becomes non perturbative. One other simple
possibility, based on [5], is illustrated in Section 6.7.
Here we underline the importance of investigating to which extent such values of λ are
excluded by experiments, mainly Higgs signal strength measurements, and where such
a most natural scenario is more likely to show up. These issues will be addressed in
Chapter 6.
4.4 The SUSY flavour and CP problems
While the SUSY-preserving Lagrangian adds to the SM only one parameter, µ (and the
quartic Higgs terms in the potential are fixed by gauge invariance), the SUSY-breaking
4Note that this specific NMSSM provides a solution to the µ-problem.
5This definition maximizes fine-tuning, in the sense that it considers mh and v as completely inde-
pendent variables.
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one Lsoft adds 103 new physical parameters, among which 42 new CP violating phases.
The majority of these new parameters appears in the soft masses m2 and in the A-terms,
so that in general one expects the CKM picture of flavour and CP violation to be com-
pletely ruined. This is an issue all concrete supersymmetric models have to deal with, and
that, as we will see, for SUSY near the Fermi scale is solved within the U(2)3 framework.
For this reason, we dedicate the rest of this section to state the problem in a more precise,
yet synthetic way. Note that the discussion of flavour and CP in the whole section is valid
for both the MSSM and the NMSSM.
• SUSY CP problem
The SUSY CP problem is usually defined as the one determined by the severe
experimental bounds on the nuclear and leptonic electric dipole moments. Since
these CP violating observables are flavour preserving, for simplicity we describe
the problem in a supersymmetric model with universal soft terms (i.e. where each
trilinear coupling Ai is proportional to the respective Yukawa matrix Yi via the
same constant a, the gaugino masses M are all equal, and soft sfermion masses are
proportional to the identity).
In this simplified framework four independent new phases appear, coming from µ in
the SUSY-preserving Lagrangian and from b, a and M in the SUSY-breaking one.
One can show that two of them can be removed by suitable field rotations, leaving
the two physical ones
φA = arg (a
∗M) and φB = arg (Mµb∗) . (4.14)
Here we are interested in their impact on electric and chromoelectric dipole mo-
ments. If one considers for example those of the first generation quarks, generated
via one-loop gluino diagrams, one obtains a contribution to the neutron EDM which
reads (we set a = mq˜ for simplicity) [175]
dn ' 3
(
1TeV
mq˜
)2
sinφA,B10
−25 e cm , (4.15)
and whose typical size is one order of magnitude bigger than the experimental 90%
C.L. bound |dn| < 2.9×10−26 e cm. Expression (4.15) already suggests two possible
ways out for this problem:
i) Heavy squarks (actually only the heaviness of the first generation squarks is
needed);
ii) Small flavour blind phases.
Of course by relaxing the assumptions on the soft terms one obtains more physical
phases which, barring cancellation between different contributions, generically make
the bounds stronger.
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• SUSY flavour problem
All the new sources of flavour violation, with respect to the Standard Model, are in-
troduced via the soft masses m2 and the trilinear couplings A in the SUSY-breaking
Lagrangian (4.6). If the flavour structure of these terms is generic, then loop dia-
grams involving gauginos and sfermions induce FCNC processes at levels that are
orders of magnitude above the experimentally allowed ranges.
Let us focus on the quark sector. Here four fermion FV operators generated from
squark-gluino loops generically show the dependence ∼ (δqMNδqPQ)2 /m2q˜, where m2q˜
is a typical squark mass scale and (δqMN)ij are adimensional non-diagonal entries of
the 6× 6 q-squarks mass matrix (M, . . . , Q = L,R). They can be written as
(δqMM)ij =
3∑
k=1
(
∆m2q˜M
)
k
m¯2q˜M
(W qM)ik (W
q
M)
∗
jk , (4.16)
where WL,R are the mixing matrices appearing in the gluino-squark-quark vertices
(q¯L,RWL,R q˜L,R) g˜, m¯q˜M is the average soft mass of the q˜M squarks, and
(
∆m2q˜M
)
k
=
m2q˜k − m¯2q˜M . A similar expression holds for (δqMN)ij, with M 6= N .
To give an idea of the size of the stronger bounds, let us mention that taking into
account processes induced by K − K¯ and D − D¯ mixing, for Mg˜ = mq˜ = 1 TeV
one obtains [46]
(
δdLR
)
12
. 10−4 and (δuLR)12 . 10−2. In the down quark sector,
analogous bounds are weaker by ∼ one o.o.m. for (δdLL)12, and by ∼ two o.o.m. for(
δdMN
)
i3
.
The above discussion is useful in indicating what the possible solutions of the SUSY
flavour problem are:
i) Heavy squarks;
ii) Degenerate squark masses, so that a GIM suppression mechanism is active;
iii) Alignment in flavour space between the Yukawa matrices and the “soft” ma-
trices m2q˜ and A, which implies |W |  1;
iv) Any combination of the above three. For example in a framework with little
comunication between the third and the first two generations (i.e. small mixing
angles in the relative entries of the W matrices), only the heaviness of the first
two generation squark could be needed.
Approximate CP conservation would not be a solution, since the stronger bounds
from CP conserving processes are one o.o.m. smaller than those coming from CP
violating ones, but still very relevant.
Chapter 5
Supersymmetry and U(2)3
The discussion of the previous Chapter shows that supersymmetry as a solution to the
hierarchy problem needs some flavour structure for at least two phenomenological reasons1.
The first is the hierarchical spectrum of Section 4.2, that e.g. could not be accomodated
within a U(3)3 symmetry. Heavier first two generation squarks would also be very welcome
to provide a dynamical explanation for the non observation of fundamental EDMs. The
second is the severe SUSY flavour problem. Then it appears natural to implement the
U(2)3 framework, as discussed in Chapter 3, in the specific case of Supersymmetry. In
this Chapter we explore the phenomenological consequences of this embedding.
5.1 U(2)3 in Supersymmetry
We assume the flavour symmetry breaking in the soft squark masses and A terms to be
controlled by the same spurions of (3.3). The analysis of U(2)3 in Supersymmetry will
be limited to the Minimal U(2)3 case. After rotating to the mass basis both the quarks
and their superpartners, the supersymmetric mixing matrices appearing in the vertices(
d¯L,RW
L,R d˜L,R
)
g˜ take the correlated forms (in the same basis where the CKM matrix
read as in (3.8))
WL =
 cdL κ∗ −κ∗sLeiγL−κ cdL −cdLsLeiγL
0 sLe
−iγL 1
 , WR = 1, (5.1)
where κ = sdLe
i(δ+ϕ), the new parameter sL > 0 is of order λ
2 ∼ , like s, and γL is an
independent CP violating phase, which is zero if we do not allow for phases outside the
spurions. WR is equal to the identity to an accuracy which is sufficient to our purposes
and, in particular, to avoid a too large contribution to K .
1Note that in order for the Yukawa couplings not to receive too big radiative corrections from the soft
sector, one usually assumes each A-term to be proportional to the respective yukawa. This assumption
can just follow from imposing a flavour symmetry at some higher scale.
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5.2 ∆F = 2 observables and CKM fit tension
The mixing amplitudes in the kaon and Bd,s systems, including SM and gluino-mediated
contributions, read:
MK12 = (M
K
12)
SM, tt
(
1 + |ξL|4F0
)
+ (MK12)
SM, tc + cc, (5.2)
M
Bd,s
12 = (M
Bd,s
12 )
SM
(
1 + ξ2LF0
)
, (5.3)
where
ξL = (c
d
LsL/|Vts|) eiγL (5.4)
and F0(mb˜,mg˜) is a positive function of the sbottom and gluino masses,
F0 =
2
3
(
gs
g
)4
m2W
m2
b˜
1
S0(xt)
[
f0(xg) +O
(
m2
b˜
m2
h˜
)]
, xg =
m2g˜
m2
b˜
, (5.5)
f0(x) =
11 + 8x− 19x2 + 26x log x+ 4x2 log x
3(1− x)3 , f0(1) = 1 , (5.6)
where S0(xt = m
2
t/m
2
W ) ' 2.4 is the SM one-loop electroweak coefficient function. Note
that, since the SM and gluino-mediated contributions generate the same ∆F = 2 effec-
tive operator, all non-perturbative effects and long-distance QCD corrections have been
factorized. The typical size of F0, as a funtion of the gluino and sbottom mass, is shown
in the left panel of Fig. 5.1.
Using (5.2), (5.3) one obtains correlated expressions for the indirect CP violating param-
eter K and the mixing-induced CP asymmetries in B
0 → ψKS and B0 → ψφ decays:
K = 
SM, tt
K
(
1 + |ξL|4F0
)
+ SM, tc + ccK , (5.7)
SψKS = sin (2β + φ∆) , (5.8)
∆Md,s = ∆M
SM
d,s ×
∣∣1 + ξ2LF0∣∣ (5.9)
Sψφ = sin (2|βs| − φ∆) , (5.10)
where β and βs are the SM mixing phases and
φ∆ = arg
(
1 + ξ2LF0
)
. (5.11)
The above effects are interesting in light of the tension in the CKM description of flavour
and CP violation, namely among K , SψKS and ∆Md/∆Ms [80–84]. This tension can be
solved in our framework by the new contributions we obtain to the first two observables.
The improvement in the CKM unitarity fit is evident by comparing the result in the (ρ¯, η¯)
plane of Fig. 5.2 with the one of Fig. 2.5 in Chapter 2. More precisely χ2/Ndof = 0.7/2 is
found, compared to χ2/Ndof = 9.8/5 for the full SM fit.
2 Note that a specific prediction of
2This fit, as well as all the phenomenology discussed in this Chapter, does not take into account this
year’s new lattice and experimental results, see Section 3.2.
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Figure 5.1: Left : Value of the loop function defined in (5.5) as a funtion of the gluino
and the left-handed sbottom masses. Right : Correlation among the preferred values of
x = |ξL|2 and F0, as obtained from the global fit. The dashed contours correspond to the
68% and 90% C.L. regions in the fit without Sψφ, the solid contours to the fit inlcuding
the LHCb result [176] for Sψφ. Figure taken from [177].
Figure 5.2: Result of the global fit with the inclusion of the corrections as in Eqs.
(5.7),(5.8),(5.9).
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the model (with the assumption of gluino dominance) is a definite sign of the correction
to K , which is the one needed in order to solve the CKM tension.
A global fit is then performed, varying the SUSY parameters ξL, F0 and γL together with
the four parameters of the CKM matrix, and using all the observables listed in Table 3.1
as constraints. This leads, at the 90% C.L., to the preferred intervals
|ξL| ∈ [0.8, 2.1], φ∆ ∈ [−9◦, −1◦], γL ∈ [−86◦, −25◦] or γL ∈ [94◦, 155◦], (5.12)
and to the predictions Sψφ ∈ [0.05, 0.20] and mg˜, mb˜ . 1.5 TeV (the latter due to F0 6= 0,
see the right panel of Fig. 5.1, the former only if φs is not included in the fit). The
favoured value for Sψφ is within the 1σ interval of the LHCb result [176], which was
absent at the time of publication of these results.
As already stressed in Chapter 2, some of the predictions we make are independent of
the specific model under consideration (Supersymmetry with hierarchical squark masses),
namely (i) the absence of a new phase in MK12 , (ii) the presence of a new phase in Bs,d
mixing and (iii) the universality MBd12 = M
Bs
12 .
5.3 ∆F = 1 observables: B-decay CP asymmetries
The purpose of this section is to extend the analysis of the previous one to ∆F = 1
processes, i.e. rare decays, studying in particular possible signatures of CP violation cor-
related with the predicted CP violation in meson mixing (∆F = 2). Contrary to the
∆F = 2 sector, where the pattern of deviations from the SM previously identified is
unambiguously dictated by the U(2)3 symmetry, the predictions of ∆F = 1 observables
are more model dependent. In this analysis we concentrate on a framework with mod-
erate values of tan β and, in order to establish a link between ∆F = 2 and ∆F = 1
CP-violating observables, we take small flavour-blind phases and assume the dominance
of gluino-mediated flavour-changing amplitudes.
5.3.1 ∆B = 1 effective Hamiltonian
The part of the b→ s effective Hamiltonian sensitive to NP in our setup reads
Heff = −4GF√
2
V ∗tsVtb
10∑
i=3
CiOi + h.c. , (5.13)
O3 = (s¯PLb)
∑
q(q¯PLq) O4 = (s¯αPLbβ)
∑
q(q¯βPLqα)
O5 = (s¯PLb)
∑
q(q¯PRq) O6 = (s¯αPLbβ)
∑
q(q¯βPRqα)
O7 =
e
16pi2
mb(s¯σµνPRb)Fµν O8 =
gs
16pi2
mb(s¯σµνPRb)Gµν
O9 =
e2
16pi2
(s¯γµPLb)(l¯γµl) O10 =
e2
16pi2
(s¯γµPLb)(l¯γµγ5l)
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The QCD penguin operators O3...6 are relevant for the CP asymmetries in b → ss¯s
penguin decays to be discussed below. In the case of hierarchical sfermions, the box
contributions are mass-suppressed and we only have to consider gluon penguins, which
contribute in a universal way as
C3 = C5 = −13C4 = −13C6 ≡ CG . (5.14)
The analogous photon penguin can be neglected in non-leptonic decays since it is sup-
pressed by αem/αs, but it can contribute to C9. There is no effect in C10, which remains
SM-like.
In the MSSM, the ∆F = 1 effective Hamiltonian receives contributions from loops
involving charginos, neutralinos, charged Higgs bosons or gluinos. In the following, we
will concentrate for simplicity on gluino contributions, which are always proportional to
the complex ξL in U(2)
3. Among the remaining contributions, some are proportional
to ξL while some are real in the absence of flavour blind phases. Their omission does
not qualitatively change our predictions for CP asymmetries, but we stress that the real
contributions can have an impact in particular on the branching ratios to be considered
below.
The gluino contributions to CG and C9 are
CG = −ξL αs
α2
αs
4pi
m2W
m2
b˜
13
108
fG(xg˜) , C9 = ξL
αs
α2
m2W
m2
b˜
2
27
fγ(xg˜) , (5.15)
where here and throughout, xg˜ = m
2
g˜/m
2
b˜
and all the loop functions are defined such that
fi(1) = 1 with the exact form given in the end of this section.
The main difference concerning the magnetic and chromomagnetic Wilson coefficients
C7 and C8 is that here b˜L-b˜R mass insertion contributions are important, while for the
other Wilson coefficients they were chirality-suppressed. The gluino contributions read
C7 = −ξL αs
α2
m2W
m2
b˜
1
27
[
f7(xg˜) + 2
µ tan β − Ab
mg˜
g7(xg˜)
]
, (5.16)
C8 = −ξL αs
α2
m2W
m2
b˜
5
36
[
f8(xg˜) + 2
µ tan β − Ab
mg˜
g8(xg˜)
]
. (5.17)
For mg˜ = mb˜ ≡ m˜, we thus find3 at the scale mW
CG = −1.1× 10−4
(
500 GeV
m˜
)2
ξL , (5.18)
C9 = 9× 10−3
(
500 GeV
m˜
)2
ξL , (5.19)
C7 = −3.4× 10−3
(
500 GeV
m˜
)2
ξL
[
1 + 2
µ tan β − Ab
m˜
]
, (5.20)
3For 0.5 < mg˜/mb˜ < 2 the relative variation of the numerical coefficients is within ±50%.
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C8 = −1.3× 10−2
(
500 GeV
m˜
)2
ξL
[
1 + 2
µ tan β − Ab
m˜
]
. (5.21)
A model-independent consequence of the U(2)3 symmetry is that the modification of
b → s and b → d ∆F = 1 amplitudes is universal, i.e. only distinguished by the same
CKM factors as in the SM (exactly as in the U(3)3, or MFV case [49]). Therefore, all
the expressions for the b→ s Wilson coefficients derived in this section are also valid for
b→ d processes.
Loop functions
fG(x) =
2(73− 134x+ 37x2)
39(x− 1)3 −
2(18− 27x+ x3)
13(x− 1)4 lnx fG(1) = 1
fγ(x) = −2(2− 7x+ 11x
2)
3(x− 1)3 +
4x3
(x− 1)4 lnx fγ(1) = 1
f7(x) =
2(−1 + 5x+ 2x2)
(x− 1)3 −
12x2
(x− 1)4 lnx f7(1) = 1
g7(x) = −6x(1 + 5x)
(x− 1)3 +
12x2(2 + x)
(x− 1)4 lnx g7(1) = 1
f8(x) =
−19− 40x+ 11x2
5(x− 1)3 −
6x(−9 + x)
5(x− 1)4 lnx f8(1) = 1
g8(x) =
12x(11 + x)
5(x− 1)3 +
6x(−9− 16x+ x2)
5(x− 1)4 lnx g8(1) = 1
5.3.2 B physics observables
BR(B → Xqγ)
The branching ratio of B → Xsγ is one of the most important flavour constraints in the
MSSM in view of the good agreement between theory and experiment. Experimentally,
the quantities
Rbqγ =
BR(B → Xqγ)
BR(B → Xqγ)SM (5.22)
are constrained to be
Rbsγ = 1.13± 0.11 , Rbdγ = 0.92± 0.40 , (5.23)
using the numbers in Table 5.1. In U(2)3, one has Rbsγ ≈ Rbdγ just as in MFV, so the
b→ sγ constraint is more important and we will concentrate on it in the following.
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Observable SM prediction Experiment Future sensitivity
BR(B → Xsγ) (3.15± 0.23)× 10−4 [178] (3.52± 0.25)× 10−4 ±0.15× 10−4
ACP(b→ sγ) (−0.6÷ 2.8)% [179] (−1.2± 2.8)% ±0.5%
BR(B → Xdγ) (1.54+0.26−0.31)× 10−5 [180] (1.41± 0.49)× 10−5
SφKS 0.68± 0.04 [181,182] 0.56+0.16−0.18 ±0.02
Sη′KS 0.66± 0.03 [181,182] 0.59± 0.07 ±0.01
〈A7〉 (3.4± 0.5)× 10−3 [183] –
〈A8〉 (−2.6± 0.4)× 10−3 [183] –
Table 5.1: SM predictions, current experimental world averages [106] and experimental
sensitivity at planned experiments [131, 184] for the B physics observables. < A7,8 > are
suitable angular CPV asymmetries in B → K∗µ+µ−.
Beyond the SM (but in the absence of right-handed currents), the branching ratio can
be written as
BR(B → Xsγ) = R
[∣∣∣CSM,eff7 + CNP,eff7 ∣∣∣2 +N(Eγ)] , (5.24)
where R = 2.47 × 10−3 and N(Eγ) = (3.6 ± 0.6) × 10−3 for a photon energy cut-off
Eγ = 1.6 GeV [185].
Considering only gluino contributions and setting mg˜ = mb˜ ≡ m˜, we find
Rbsγ = 1 + 2.2× 10−2
(
500 GeV
m˜
)2
|ξL| cos γL
(
1 + 2
µ tan β − Ab
m˜
)
. (5.25)
As stressed in Section 5.3.1, there are additional real contributions to the Wilson co-
efficient C7,8 that can modify the branching ratio. In particular, there is a tan β enhanced
chargino contribution proportional to the stop trilinear coupling, which can interfere con-
structively or destructively with the SM. Thus, with a certain degree of fine-tuning, the
constraints in (5.23) can always be fulfilled. In our numerical analysis, we will require
the branching ratio including only SM and gluino contributions to be within 3σ of the
experimental measurement.
ACP(B → Xsγ)
The direct CP asymmetry in B → Xsγ
ACP(B → Xsγ) = Γ(B¯ → Xsγ)− Γ(B → Xs¯γ)
Γ(B¯ → Xsγ) + Γ(B → Xs¯γ) , (5.26)
already constrained by the B factories as shown in Table 5.1, will be measured by next
generation experiments to a precision of 0.5%. On the theory side, the recent inclusion of
78 CHAPTER 5. SUPERSYMMETRY AND U(2)3
“resolved photon” contributions reduced the attainable sensitivity to NP in view of the
large non-perturbative effects leading to a SM estimate [179]
− 0.6% < ACP(B → Xsγ)SM < 2.8% (5.27)
compared to an earlier estimate [186]
ACP(B → Xsγ)SDSM = (0.44+0.24−0.14)% . (5.28)
In view of these uncertainties and to get an estimate of the size of the NP effects, we
will consider the NP contributions to the CP asymmetry ignoring the resolved photon
contributions. It can then be written as
ACP(B → Xsγ)SDNP ×Rbsγ = −0.29Im(CNP7 ) + 0.30Im(CNP8 )− 0.99Im(CNP∗7 CNP8 ), (5.29)
valid for Eγ = 1.85 GeV.
Setting mg˜ = mb˜ ≡ m˜ and Rbsγ = 1, the gluino contributions to the CP asymmetry
are
ACP(B → Xsγ)SDNP = −1.74× 10−3
(
500 GeV
m˜
)2
|ξL| sin γL
(
1 + 2
µ tan β − Ab
m˜
)
(5.30)
we note that the CP asymmetry can have either sign due to the two solutions for γL
allowed by ∆F = 2, see (5.12).
B → K∗µ+µ−
Angular CP asymmetries in B → K∗µ+µ− are sensitive probes of non-standard CP
violation and will be measured soon at the LHCb experiment4. In our framework, where
right-handed currents are absent, the relevant observables are the T-odd CP asymmetries
A7 and A8 as defined in [183].
For these observables, integrated in the low dilepton invariant mass region, we obtain
the simple dependence on the Wilson coefficients, as usual to be evaluated at the scale
mb,
〈A7〉 ×RBR ≈ −0.71 Im(CNP7 ) , (5.31)
〈A8〉 ×RBR ≈ 0.40 Im(CNP7 ) + 0.03 Im(CNP9 ) , (5.32)
where RBR is the ratio between the full result for the CP-averaged branching ratio and
the SM one [188], RBR ≈ 1 in our framework. Although Im(CNP7 ) and Im(CNP9 ) can be
of the same order, the contribution from CNP9 is numerically suppressed and one will thus
still have approximately
〈A8〉 ' −0.56〈A7〉 . (5.33)
Setting mg˜ = mb˜ ≡ m˜ and RBR = 1, the gluino contributions to 〈A7〉 read
〈A7〉 = 2.5× 10−3
(
500 GeV
m˜
)2
|ξL| sin γL
(
1 + 2
µ tan β − Ab
m˜
)
. (5.34)
4For an updated, model independent analysis of the recent data not included here see [112,187].
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SφKS and Sη′KS
The expression for the mixing-induced CP asymmetries in Bd decays to final CP eigen-
states f is
Sf = sin (2β + φ∆ + δf ) , (5.35)
where φ∆ is the new phase in Bd,s mixing defined in (5.11). For the tree-level decay
f = ψKS, δf = 0, while for the penguin-induced modes B → φ(η′)KS, the contribution
from the decay amplitude can be written as [181]
δf = 2arg
(
1 + aufe
iδ +
∑
i≥3
bci,fC
NP
i
)
(5.36)
where δ = γCKM = φ3 is the usual CKM angle and the a
u
f and b
c
i,f can be found in [181].
For the gluino contributions, setting mg˜ = mb˜ ≡ m˜, we obtain
6∑
i=3
bci,φKSC
NP
i = −1.11× 10−2
(
500 GeV
m˜
)2
|ξL|eiγL , (5.37)
6∑
i=3
bci,η′KSC
NP
i = −1.10× 10−2
(
500 GeV
m˜
)2
|ξL|eiγL , (5.38)
bc8,φKSC
NP
8 = −1.82× 10−2
(
500 GeV
m˜
)2
|ξL|eiγL
(
1 + 2
µ tan β − Ab
m˜
)
, (5.39)
bc8,η′KSC
NP
8 = −1.10× 10−2
(
500 GeV
m˜
)2
|ξL|eiγL
(
1 + 2
µ tan β − Ab
m˜
)
. (5.40)
The effects of the QCD and chromomagnetic penguins in the above expressions are compa-
rable, with the exception of the left-right mixing piece only present for the chromomagnetic
ones.
Numerical analysis
In Figures 5.3 and 5.4 we show the correlations between the CP asymmetries, scanning
the gluino mass between 0.5 and 1 TeV, the sbottom mass, the µ term and Ab between
0.2 and 0.5 TeV and tan β between 2 and 10. We require the ∆F = 2 observables to be
in the region where the CKM tensions are reduced (cf. (5.12)). The maximum size of the
effects is mostly limited by the BR(B → Xsγ) constraint, which we require to be fulfilled
at the 3σ level including SM and gluino contributions only (cf. the discussion at the end
of Sec. 5.3.2).
Figure 5.3 shows the correlation between the mixing-induced CP asymmetries SφKS
and Sη′KS in relation to SψKS , effectively subtracting the contribution due to the modified
Bd mixing phase. The experimental 1σ ranges corresponding to the average in Table 5.1
are shown as shaded regions. Due to the tan β enhanced terms in (5.39, 5.40), large effects
80 CHAPTER 5. SUPERSYMMETRY AND U(2)3
-0.4 -0.2 0.0 0.2 0.4
-0.4
-0.2
0.0
0.2
0.4
SΦK -SΨK
S Η
'
k
-
S Ψ
k
Μ>0
SM value
-0.4 -0.2 0.0 0.2 0.4
-0.4
-0.2
0.0
0.2
0.4
SΦK -SΨK
S Η
'
k
-
S Ψ
k
Μ<0
SM value
Figure 5.3: Correlation between SφKS − SψKS and Sη′KS − SψKS for positive µ (left) and
negative µ (right), showing points with γL > 0 (blue) and γL < 0 (green). The shaded
region shows the 1σ experimental ranges.
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Figure 5.4: Correlation between 〈A7(B → K∗µ+µ−)〉 and the difference Sη′KS − SψKS for
positive µ (left) and negative µ (right), showing points with γL > 0 (blue) and γL < 0
(green). The shaded region is the 1σ experimental range.
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Figure 5.5: Correlation between 〈A7(B → K∗µ+µ−)〉 and the NP contributions to the
CP asymmetry in B → Xsγ (neglecting long-distance effects) for positive µ (left) and
negative µ (right), showing points with γL > 0 (blue) and γL < 0 (green). The shaded
region is the 1σ experimental range for ACP(B → Xsγ), which would apply in the absence
of long-distance effects (see Section 5.3.2).
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are easily possible. A negative value for these differences, as currently indicated by the
central values of the measurements, can be obtained for γL > 0 (γL < 0) if µ > 0 (µ < 0).
For a given sign of the µ term, the sign of the ∆B = 1 CP asymmetries can thus serve to
distinguish between the two solutions for the phase γL in (5.12) allowed by the ∆F = 2
analysis.
Figure 5.4 shows the correlation between Sη′KS and the CP asymmetry 〈A7〉 in B →
K∗µ+µ−. Values up to±10% would be attainable for 〈A7〉, while the current measurement
of Sη′KS implies, at the 1σ level, 0 < 〈A7〉 < 5%.
Finally, Figure 5.5 shows the correlation between the CP asymmetry in B → Xsγ
and the new physics contribution to 〈A7〉. ACP(B → Xsγ)SDNP attains values up to ±5%.
Imposing the 1σ experimental range allowed for Sη′KS , this decreases to −2% < ACP(B →
Xsγ)
SD
NP < 0%. In the plots, we also show the 1σ experimental range for ACP(B → Xsγ)
(cf. Table 5.1), keeping in mind that in the presence of sizable long-distance effects (see
Section 5.3.2), the prediction for this observable is modified and the bound cannot be
directly compared to our predictions.
5.4 Summary and partial conclusions
In this Chapter we have found particularly useful to consider that an approximate U(2)3
symmetry be operative in determining the full flavour structure of the supersymmetric
extension of the SM. Among the appealing features of U(2)3 and an advantage over the
standard MFV proposal is that it allows the first two generations of sfermions to be
substantially heavier than the third one, which helps to address specifically also the su-
persymmetric CP problem, without spoiling the supersymmetric solution to the hierarchy
problem.
With our specific choice for the breaking pattern, characteristic correlations exist between
the various ∆F = 2 amplitudes, and one can exploit them to improve the consistency of
the fit of the flavour and CP-violating observables. Using the data available at the time
this study was performed, one obtains the preferred regions mb˜, mg˜ . 1.5 TeV for the
sbottom and gluino masses.
We then have moved to study CP asymmetries in B decays. Even in the absence of
flavour-blind phases, we find potentially sizable CP violating contributions to ∆B = 1
decay amplitudes. We identify the dominant contributions to arise in the magnetic and
chromomagnetic dipole operators due to their sensitivity to chirality violation, with sub-
leading contributions in semi-leptonic and QCD penguin operators. The most promising
observables are the mixing-induced CP asymmetries in non-leptonic penguin decays like
B → φKS or B → η′KS, angular CP asymmetries in B → K∗µ+µ−, and the direct
CP asymmetry in B → Xsγ (barring potential uncertainties in controlling long-distance
effects in the radiative [179] and non-leptonic modes [181,182]).
Due to the different dependence on the sparticle masses, we cannot predict a clear-cut
correlation between CP violating ∆F = 1 and ∆F = 2 observables. However, we have
demonstrated that observable effects in ∆F = 1 CP asymmetries are certainly compatible
with the pattern of deviations from the SM suggested by ∆F = 2 observables, if inter-
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preted in terms of this supersymmetric framework. Interestingly, while we considered a
setup without flavour-blind phases, the correlations between ∆F = 1 observables turn out
to be very similar to those in MFV [82, 189] or in effective MFV [188] with flavour-blind
phases. The main difference between the two cases are the CP violating effects in K and
B mixing, which occur in U(2)3, but not in (effective) MFV. We view this as an interesting
example of the usefulness of correlated studies of ∆F = 1 and ∆F = 2 observables as a
handle to distinguish between models. Such studies would become extremely interesting
in presence of direct evidences of a hierarchical sparticle spectrum from the LHC.
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Chapter 6
Exploring the supersymmetric Higgs
sector
In general terms, to see whether the newly found resonance at 126 GeV is part of an
extended Higgs system is a primary task of the current and future experimental studies.
This appears to be especially true for the extra Higgs states of the NMSSM, which might
be the lightest new particles of a suitable supersymmetric model, except perhaps for the
LSP. A particularly important question is how the measurements of the couplings of hLHC,
current and foreseen, bear on this issue, especially in comparison with the potential of
the direct searches of new Higgs states.
Not the least difficulty that one encounters in attacking these problems is the number
of parameters that enter the Higgs system of the NMSSM, especially if one does not want
to stick to a particular version of it but rather wishes to consider the general case. Here
we aim at an analytic understanding of the properties of the Higgs system of the general
NMSSM, trying to keep under control as much as possible the complications due to the
proliferation of model parameters and avoid the use of benchmark points.
The framework we will outline makes possible to describe the impact of the various direct
searches in a systematic way, together with the indirect ones in the hLHC couplings. It will
result in setting a possible overall strategy to search for signs of the CP-even extra-states
of the NMSSM Higgs sector.
The content of this Chapter is the following. In Section 6.1 we establish some rela-
tions between the physical parameters of the CP-even Higgs system valid in the general
NMSSM. In Section 6.2 and 6.3 we consider two limiting cases in which one of the CP-even
scalars is decoupled, determining in each situation the sensitivity of the measurements of
the couplings of hLHC, current and foreseen, as well as the production cross sections and
the branching ratios for the new intermediate scalar. In Section 6.4 we give two examples
of analysis of a situation in which none of the Higgses is decoupled. In Section 6.6 we
compare one of these NMSSM cases with the much studied MSSM, using as much as
possible the same language. In Section 6.7 we illustrate a possible simple and generic
extension of the NMSSM that can make it compatible with standard gauge unification
even for a coupling λ & 1. Section 6.8 contains a detailed summary and conclusions.
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6.1 Physical parameters of the CP-even Higgs
system in the general NMSSM
Assuming a negligibly small violation of CP in the Higgs sector, we take as a starting
point the form of the squared mass matrix of the neutral CP-even Higgs system in the
general NMSSM:
M2 =
 m2Z cos2 β +m2A sin2 β (2v2λ2 −m2A −m2Z) cos β sin β vM1(2v2λ2 −m2A −m2Z) cos β sin β m2A cos2 β +m2Z sin2 β + δ2t vM2
vM1 vM2 M
2
3
 (6.1)
in the basis H = (H0d , H0u, S)T . In this equation
m2A = m
2
H± −m2W + λ2v2, (6.2)
where mH± is the physical mass of the single charged Higgs boson, v ' 174 GeV, and
δ2t = ∆
2
t/ sin
2 β (6.3)
is the well known effect of the top-stop loop corrections to the quartic coupling of Hu. We
neglect the analogous correction to (6.2) [190], which lowers mH± by less than 3 GeV for
stop masses below 1 TeV. More importantly we have also not included in Eq. (6.1) the
one loop corrections to the 12 and 11 entries, respectively proportional to the first and
second power of (µAt)/〈m2t˜ 〉, to which we shall return. We leave unspecified the other
parameters in (6.1), M1,M2,M3, which are not directly related to physical masses and
depend on the particular NMSSM under consideration.
The vector of the three physical mass eigenstates Hph is related to the original scalar
fields by
H = R12α R23γ R13σ Hph ≡ RHph, (6.4)
where Rijθ is the rotation matrix in the ij sector by the angle θ = α, γ, σ.
Defining Hph = (h3, h1, h2)T , we have
RTM2R = diag(m2h3 ,m2h1 ,m2h2). (6.5)
We identify h1 with the state found at LHC, so that mh1 = 125.7 GeV. From (6.4) h1 is
related to the original fields by
h1 = cγ(−sαHd + cαHu) + sγS, (6.6)
where sθ = sin θ, cθ = cos θ. Similar relations, also involving the angle σ, hold for h2 and
h3.
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Couplings of hLHC and fit of its signal strengths
These angles determine the couplings of h1 = hLHC to the fermions or to vector boson
pairs, V V = WW,ZZ, normalized to the corresponding couplings of the SM Higgs boson.
Defining δ = α− β + pi/2, they are given by (see also [191,192])
gh1tt
gSMhtt
= cγ(cδ +
sδ
tan β
),
gh1bb
gSMhbb
= cγ(cδ − sδ tan β), gh1V V
gSMhV V
= cγcδ. (6.7)
The fit of all ATLAS [14], CMS [13] and TeVatron [15] data collected so far on the various
signal strengths of hLHC gives the bounds on δ for different fixed values of γ shown in
Figure 6.1 left, and the bound on γ for δ = 0 shown in Figure 6.1 right. To make this fit,
we adapt the code provided by the authors of [193]. As stated below, we do not include
in this fit any supersymmetric loop effects. Note that in the region of sδ close to zero, a
larger s2γ forces δ to take a larger central value.
It is also interesting to explore the consequences of an improvement of such measurements,
as foreseen in the coming state of the LHC. To quantify this we consider the impact, on
the fit, of the measurements of the signal strengths of hLHC with the projected errors at
LHC14 with 300 fb−1 by ATLAS [194] and CMS [195], shown in Table 6.1. Assuming SM
central values for the signal strengths, the projected bound on γ is s2γ < 0.15, while the
one on δ becomes much stricter with respect to the current one.
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ATLAS CMS
h→ γγ 0.16 0.15
h→ ZZ 0.15 0.11
h→ WW 0.30 0.14
V h→ V bb¯ – 0.17
h→ ττ 0.24 0.11
h→ µµ 0.52 –
Table 6.1: Projected uncertainties of the measurements of the signal strengths of hLHC,
normalized to the SM, at the 14 TeV LHC with 300 fb−1.
Analytical expressions for the rotation angles
The matrix equation (6.5) restricted to the 12 sector gives three relations between the
mixing angles δ ≡ α− β + pi/2, γ, σ and the physical masses mh1,h2,h3 ,mH± for any given
value of λ, tan β and ∆t. In terms of the 2× 2 submatrix M2 in the 12 sector ofM2, Eq.
(6.1), these relations can be made explicit as1
s2γ =
detM2 +m2h1(m
2
h1
− trM2)
(m2h1 −m2h2)(m2h1 −m2h3)
, (6.8)
s2σ =
m2h2 −m2h1
m2h2 −m2h3
detM2 +m2h3(m
2
h3
− trM2)
detM2 −m2h2m2h3 +m2h1(m2h2 +m2h3 − trM2)
, (6.9)
s2δ =
[
2sσcσsγ
(
m2h3 −m2h2
) (
2M˜211 −m2h1c2γ −m2h2(s2γ + s2σc2γ)−m2h3(c2σ + s2γs2σ)
)
+ 2M˜212
(
m2h3
(
c2σ − s2γs2σ
)
+m2h2
(
s2σ − s2γc2σ
)−m2h1c2γ) ]
×
[ (
m2h3 −m2h2s2γ −m2h1c2γ
)2
+
(
m2h2 −m2h3
)2
c4γs
4
σ
+ 2
(
m2h2 −m2h3
) (
m2h3 +m
2
h2
s2γ −m2h1
(
1 + s2γ
))
c2γs
2
σ
]−1
, (6.10)
where sθ = sin θ, cθ = cos θ and, in Eq. (6.10), M˜
2 = Rβ−pi/2M2Rtβ−pi/2. These expressions
for the mixing angles do not involve the unknown parameters M1,M2,M3, which depend
on the specific NMSSM. Their values in particular cases may limit the range of the physical
parameters mh1,h2,h3 ,mH± and α, γ, σ but cannot affect Eqs. (6.8, 6.9, 6.10). To our
knowledge, analytical expressions for the mixing angles in the general NMSSM have first
been presented in our [5].
Simplifying assumptions
To simplify the analysis we consider two limiting cases:
1Notice that Eq. (6.10) is completely equivalent to the expression for sin 2α in Eq. (2.10) of Ref. [5].
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• H decoupled: In (6.1) m2A  vM1, vM2 or mh3  mh1,h2 and σ, δ = α−β+pi/2→ 0,
• Singlet decoupled: In (6.1) M23  vM1, vM2 or mh2  mh1,h3 and σ, γ → 0,
but we use (6.8, 6.9, 6.10) to control the size of the deviations from the limiting cases
when the heavier mass is lowered. We will also dedicate a specific section to the study of
the non-decoupled case, and further comment it in the conclusions.
When considering the couplings of the CP-even scalars to SM particles, relevant to
their production and decays, we shall not include any supersymmetric loop effect other
than the one that gives rise to (6.3). This is motivated by the kind of spectrum outlined
in Section 4.2, with all s-particles at their “naturalness limit”, and provides in any event
a useful well defined reference case.
We also do not include any invisible decay of the CP-even scalars, such as dark matter,
or into any undetected final state, because of background, like for example a pair of light
pseudo-scalars. To correct for this is straightforward with all branching ratios and signal
strengths of hLHC, that will have to be multiplied by a factor Γvis/(Γvis +Γinv). Would this
inclusion alter the excluded regions from the measurements of the above signal strengths?
The answer we find is different between the H- and the Singlet- decoupled cases. In
the first one, the inclusion in the fit of the LHC data of an invisible branching ratio of
hLHC, BRinv, leaves essentially unchanged the allowed range for δ at different tan β values,
provided BRinv . 0.2. On the contrary in the Singlet-decoupled case this inclusion would
strengthen the bound on the mixing angle to s2γ . (0.22− 0.78BRinv).
Finally we do not consider in this chapter the two neutral CP-odd scalars, since in the
general NMSSM both their masses and their composition in terms of the original fields
depend upon extra parameters not related to the masses and the mixings of the CP-even
states nor to the mass of the charged Higgs.
6.2 Singlet decoupled
Let us first consider the limit in (6.1) M23  vM1, vM2, which corresponds to m2  m1,3
and σ, γ → 0. In this case the three relations that have led to (6.8, 6.9, 6.10) become
sin 2α = sin 2β
2λ2v2 −m2Z −m2A|mh1
m2A|mh1 +m2Z + δ2t − 2m2h1
, (6.11)
m2h3 = m
2
A|mh1 +m2Z + δ2t −m2h1 , (6.12)
where
m2A
∣∣
mh1
=
λ2v2(λ2v2 −m2Z) sin2 2β −m2h1(m2h1 −m2Z − δ2t )−m2Zδ2t cos2 β
m2hh −m2h1
. (6.13)
Identifying h1 with the resonance found at the LHC, this determines mh3 ,mH+ and the
angle δ = α− β + pi/2 as functions of (tan β, λ,∆t). The couplings of h3 become
gh3tt
gSMhtt
= sin δ − cos δ
tan β
,
gh3bb
gSMhbb
= sin δ + tan β cos δ,
gh3V V
gSMhV V
= sin δ. (6.14)
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Figure 6.2: Singlet decoupled. Isolines of mhh (6.20) (solid) and mH± (dashed), the grey region
is unphysical due to m 2H± < 0. The coloured regions are excluded at 95%C.L.
From our point of view the main motivation for considering the NMSSM is in the
possibility to account for the mass of hLHC with not too big values of the stop masses.
For this reason we take ∆t = 75 GeV, which can be obtained, e.g., for an average stop
mass of about 700 GeV [196]. In turn, as it will be seen momentarily, the consistency of
Eqs. (6.11)-(6.13) requires not too small values of the coupling λ. It turns out in fact
that for any value of ∆t . 85 GeV, the dependence on ∆t itself can be neglected, so that
mh3 ,mH± and δ are determined by tan β and λ only. For the same reason it is legitimate
to neglect the one loop corrections to the 11 and 12 entries of the mass matrix, Eq. (6.1),
as long as (µAt)/〈m2t˜ 〉 . 1, which is again motivated by naturalness.
From all this we can represent in Figure 6.2 the allowed regions in the plane (tan β, λ),
that are determined by a 2-parameter fit of tan β, sin δ. This fit results in an allowed region
which is virtually the same as the one with γ = 0 in Figure 6.1 left. When inverting λ
as a function of tan β,mh3 , there are two solutions. In Figures 6.3 we show only the one
which corresponds to the narrow allowed region with mhh close to 126 GeV, both for
h3 < hLHC(< h3(= S)) and for hLHC < h3(< h3(= S)), together with the isolines of λ and
mH± . The other allowed region in Figure 6.2, when translated to the (tan β,mh3) plane,
corresponds to the other solution for λ, and is not displayed in Figure 6.3 left. There
hLHC is the lightest CP-even state, and the charged Higgs mass mH± is always below 150
GeV, which is disfavored by indirect constraints [178]. Moreover note that this region,
corresponding to the allowed region with large δ in Figure 6.1, is mainly allowed because
of the large error in the measurement of the bb¯ coupling of hLHC. Reducing this error
down to about 30% around gh1bb/g
SM
hbb ' 1 would exclude the region.
Coming back to Fig. 6.3, the knowledge of δ in every point of the (tan β,mh3) plane
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Figure 6.3: Singlet decoupled. Isolines of λ (solid) and mH± (dashed). Left: hLHC > h3.
Right: hLHC < h3. The orange region is excluded at 95%C.L. by the experimental data
for the signal strengths of h1 = hLHC. The blue region is unphysical.
fixes the couplings of h3 and hLHC, which allows to draw the currently excluded regions
from the measurements of the signal strengths of hLHC. Negative searches at LHC of
h3 → τ¯ τ may also exclude a further portion of the parameter space for h3 > hLHC. Note,
as anticipated, that in every case λ is bound to be above about 0.6. To go to lower values
of λ would require considering ∆t & 85 GeV, i.e. heavier stops. On the other hand in this
singlet-decoupled case lowering λ and raising ∆t makes the NMSSM close to the minimal
supersymmetric Standard Model (MSSM), to which we shall return.
The significant constraint set on Fig. 6.3 by the current measurements of the signal
strengths of hLHC suggests that an improvement of such measurements, as foreseen in
the coming stage of LHC, could lead to an effective exploration of most of the relevant
parameter space. The result is shown in Fig. 6.4, again both for h3 < hLHC(< h2(= S))
and for hLHC < h3(< h2(= S)), assuming SM central values for the signal strengths.
Needless to say, the direct search of the extra CP -even states will be essential either
in presence of a possible indirect evidence from the signal strengths or to fully cover the
parameter space for h3 > hLHC. To this end, under the stated assumptions, all production
cross sections and branching ratios for the h3 state are determined in every point of the
(tan β,mh3) plane. As an example, we end the section by discussing this explicitely for
the case h3 > hLHC.
The couplings (6.14) allow to compute the gluon-fusion production cross section of h3
by means of [191]
σ(gg → h3) = σSM(gg → H(mh3))
∣∣∣At gh3tt
gSMhtt
+Ab gh3bb
gSMhbb
∣∣∣2, (6.15)
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Figure 6.4: Singlet decoupled. Isolines of λ (solid) and mH± (dashed). Left: hLHC > h3.
Right: hLHC < h3. The orange region would be excluded at 95%C.L. by the experimental
data for the signal strengths of h1 = hLHC with SM central values and projected errors at
the LHC14 as discussed in the text. The blue region is unphysical.
where
At,b =
F 1
2
(τt,b)
F 1
2
(τt) + F 1
2
(τb)
, τi = 4
m2i
m2h3
, (6.16)
and F 1
2
(τ) is a one-loop function that can be found e.g. in [197,198]. This cross section is
shown in Figure 6.5, where we used the values of σSM at NNLL precision provided in [199],
and the running masses mt,b at NLO precision. We checked the validity of this choice by
performing the same computation both with the use of masses at LO precision and K-
factors [200], and with the program HIGLU [201, 202], finding in both cases an excellent
agreement. The coupling of h3 to the lighter state
gh3h21
2
h3h
2
1 and the triple Higgs coupling
gh31
6
h31 are given by
gh3h21 =
1
2
√
2v
[
(m2Z + v
2λ2) sin δ + 3(m2Z − λ2v2) sin(4β + 3δ)
]
− 3∆
2
t√
2v
cos(β + δ) sin2(β + δ)
sin3 β
, (6.17)
gh31
gSM
h31
=
(m2Z + v
2λ2) cos δ + (m2Z − v2λ2) cos(4β + 3δ)
2m2h1
+
∆2t
m2h1
sin3(β + δ)
sin3 β
. (6.18)
Figures 6.6 and 6.7 show the most relevant widths of h3. Note that had we taken a smaller
value for ∆t, which is not inconsistent with direct stop searches (see discussion in Section
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Figure 6.5: Singlet decoupled. Isolines of gluon fusion production cross section σ(gg → h3).
The coloured regions are excluded at 95%C.L., and the dashed line shows mH± = 300 GeV.
Left: LHC8. Right: LHC14.
4.2), then the relative importance of the h1h1 decay channel would have increased, as
found for example in the recent [203].
6.3 H decoupled
To study this limiting case, it is best to go in the basis (H, h, s) with H = sβHd − cβHu
and h = cβHd + sβHu, and let H ≈ h3 decouple, so that σ, δ = α− β + pi/2→ 0. For the
remaining non-vanishing angle γ one has
sin2 γ =
m2hh −m2h1
m2h2 −m2h1
, (6.19)
where
m2hh = m
2
Zc
2
2β + λ
2v2s22β + ∆
2
t (6.20)
is the first diagonal entry in the square mass matrix of the reduced basis (h, s).
Under the conditions specified in the previous section it is straightforward to see that
the couplings of h1 = hLHC and h2 to fermions or to vector boson pairs, V V = WW,ZZ,
normalized to the same couplings of the SM Higgs boson, are given by
gh1ff
gSMhff
=
gh1V V
gSMhV V
= cγ,
gh2ff
gSMhff
=
gh2V V
gSMhV V
= −sγ. (6.21)
As a consequence none of the branching ratios of h1 gets modified with respect to the SM
ones, whereas its production cross sections, or the various signal strengths, are reduced
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Figure 6.6: Singlet decoupled. Left: isolines of the total width Γh3(GeV). Right: isolines
of BR(h3 → hh). The coloured regions are excluded at 95%C.L., and the dashed line shows
mH± = 300 GeV.
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Figure 6.7: Singlet decoupled. Left: isolines of BR(h3 → tt¯). Right: isolines of BR(h3 → bb¯).
The coloured regions are excluded at 95%C.L., and the dashed line shows mH± = 300 GeV.
by a common factor c2γ with respect to the SM ones with mhSM = mh1 . We recall that
the fit of all experimental data collected so far gives the bound on s2γ shown in Figure 6.1
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Figure 6.8: H decoupled. Isolines of sin2 γ. Left: λ = 0.8. Right: λ = 1.4. The coloured region
is excluded at 95%C.L. by the experimental data for the signal strengths of h1 = hLHC.
right, s2γ < 0.22, and that the exclusion reach of the next LHC run, with the projected
precisions of Table 6.1, extends to s2γ < 0.15, in the case SM central values are measured
for the hLHC signal strengths.
6.3.1 hLHC lightest state
Upon use of (6.19) the impact of this bound on the parameter space is shown in Figure 6.8
for λ = 0.8 and 1.4, together with the isolines of different values of s2γ that might be probed
by future improvements in the measurements of the h1 signal strengths. Unlike in the
singlet-decoupled case, the improvement in the measurements of the signal strengths of
hLHC is not going to play a major role in further probing the allowed regions.
Larger values of λ already exclude a significant portion of the parameter space at least for
moderate tan β, as preferred by naturalness. Again in this section we are taking a fixed
value of ∆t = 75 GeV in (6.3), and as long as one stays at ∆t . 85 GeV and λ & 0.8,
in a range of moderate fine tuning, our results do not depend significantly on ∆t. In
the same (tan β,mh2) plane of Figure 6.8 and for the same values of λ, Figure 6.9 shows
the gluon-fusion production cross sections of h2 at LHC for 8 or 14 TeV c.o.m. energies,
where we rescaled by c2γ the NNLL ones provided in [199]. All other h2 production cross
sections, relative to the gluon-fusion one, scale as in the SM with mhSM = mh2 .
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(b) 8 TeV, λ = 1.4
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(c) 14 TeV, λ = 0.8
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(d) 14 TeV, λ = 1.4
Figure 6.9: H decoupled. Isolines of gluon fusion cross section σ(gg → h2) at LHC8 and
LHC14, for the values λ = 0.8 and λ = 1.4. The coloured region is excluded at 95%C.L.
To determine the decay properties of h2 it is crucial to know its coupling (gh2h21/2)h2h
2
1
to the lighter state. In the general NMSSM and in the large mH limit considered in this
section, the leading λ2-term contribution to this coupling, as well as the one to the cubic
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Figure 6.10: H decoupled. Isolines of BR(h2 → hh). Left: λ = 0.8 and vS = 2v. Right: λ = 1.4
and vS = v. The coloured region is excluded at 95%C.L.
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Figure 6.11: H decoupled. Isolines of BR(h2 → W+W−). Left: λ = 0.8 and vS = 2v. Right:
λ = 1.4 and vS = v. The coloured region is excluded at 95%C.L.
h1-coupling (gh31/6)h
3
1, are given by
gh2h21 =
λ2v
8
√
2
(
4
vS
v
cos γ + 12
vS
v
cos 3γ − 7 sin γ + 12 cos 4β cos2 γ sin γ + 9 sin 3γ
)
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Figure 6.12: H decoupled. Isolines of the total width Γh2(GeV). Left: λ = 0.8 and vS = 2v.
Right: λ = 1.4 and vS = v. The coloured region is excluded at 95%C.L.
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Figure 6.13: H decoupled. Isolines of ghhh/gSMhhh. Left: λ = 0.8 and vS = 2v. Right: λ = 1.4
and vS = v. The coloured region is excluded at 95%C.L.
− 3√
2v
∆2t cos
2 γ sin γ, (6.22)
gh31
gSM
h31
=
λ2v2
8m2h1
cos γ
(
10− 4 cos 4β cos2 γ − 6 cos 2γ + 8vS
v
sin 2γ
)
+
∆2t
m2h1
cos3 γ, (6.23)
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Figure 6.14: H-decoupled. Isolines of s2γ. λ = 0.1 and vS = v. Left: ∆t = 75 GeV.
Right: ∆t = 85 GeV. Orange and blue regions as in Fig. 6.3. The red region is excluded
by LEP direct searches for h2 → bb¯.
where vS is the vev of the singlet. Figures 6.12 and 6.10 show the total width of h2 and
its branching ratio into a pair of light states for some choices of vS. The other most
significant decay mode of h2 is into a W -pair, with a branching ratio given in Figure 6.11.
Figure 6.13 shows the triple h1-coupling normalized to the SM one.
These results depend on the value taken by vS, in particular we note that the Higgs
fit still allows the triple Higgs coupling to get a relative enhancement of a factor of a few
(with a negative or positive sign) with respect to the Standard Model one, thus yielding
potentially large effects in Higgs pair production cross sections [204]. Finally, contrary to
the S-decoupled case, the effect in BR(h2 → h1h1) of taking a much lighter ∆t would be
irrelevant.
6.3.2 h2 lightest state
Here we concentrate on the case of h2 < hLHC(< h3(= H)) and we consider both the low
and the large λ case.
The low λ case (λ = 0.1) is shown in Fig. 6.14 for two values of ∆t together with the
isolines of s2γ. As a consequence of the couplings in (6.21), for mh2 > mhLHC/2 none of
the branching ratios of h1 = hLHC and h2 get modified with respect to the ones of the
SM Higgs boson with the corresponding mass, whereas their production cross sections
are reduced by a common factor c2γ or s
2
γ respectively for h1 = hLHC and h2. As before,
the lighter regions in Fig. 6.14 are excluded by the fit of the h1 signal strengths. The
red regions are due to the negative searches of h2 → b¯b, τ+τ− at LEP [205], which were
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Figure 6.15: H-decoupled. Isolines of s2γ. ∆t = 75 GeV and vS = v. Left: λ = 0.8.
Right: λ = 1.4. Orange and blue regions as in Fig. 6.3. The red region is excluded by
LEP direct searches for h2 → bb¯.
performed down to mh2 = 12 GeV. We remind that, as in the previous case, we do not
include any invisible decay mode except for hLHC → h2h2, when kinematically allowed.2
For λ close to unity we take as in the singlet-decoupled case ∆t = 75 GeV, but any
choice lower than this would not change the conclusions. The currently allowed region
is shown in Fig. 6.15 for two values of λ. Note that, for large λ, no solution is possible
at low enough tan β, since, before mixing, m2hh in Eq. (6.20) has to be below the mass
squared of hLHC.
How will it be possible to explore the regions of parameter space currently still allowed
in this h2 < hLHC(< h3(= H)) case in view of the reduced couplings of the lighter state?
While an improvement in the measurement of the hLHC signal strenghts is not going to
play a major role, a significant deviation from the case of the SM can occur in the cubic
hLHC-coupling, gh31 , as shown in Fig. 6.16. As for the hLHC < h2 case, the LHC14 in
the high-luminosity regime is expected to get enough sensitivity to be able to see such
deviations [194, 206, 207]. At that point, on the other hand, the searches for directly
produced s-partners should have already given some clear indications on the relevance of
the entire picture.
2To include hLHC → h2h2 we rely on the triple Higgs couplings as computed by retaining only
the λ2-contributions. As stated before, this is a defendable approximation for λ close to unity, where
hLHC → h2h2 is important. In the low λ case the λ2-approximation can only be taken as indicative, but
there hLHC → h2h2 is less important.
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Figure 6.16: H-decoupled. Isolines of gh3/gh3
∣∣
SM
. Left: λ = 0.1, ∆t = 85 GeV and
vS = v. Right: λ = 0.8, ∆t = 75 GeV and vS = v. Orange and blue regions as in Fig.
6.3. The red region is excluded by LEP direct searches for h2 → bb¯.
6.4 Fully mixed case and the γγ signal
The phenomenological exploration of the situation considered in the previous section could
be significantly influenced if the third state, i.e. the doublet H, were not fully decoupled.
In this case the three angles δ, γ and σ can all be different from zero, and the three masses
mh2 , mh3 and mH± are all virtually independent. In the following, also for comparison
with the results of Section 6.3, we study the mh2−tan β plane for different reference values
of mh3 . Then, using Eqs. (6.8)-(6.10), for fixed values of σ, λ and ∆t, the two remaining
angles α (or δ = α−β+pi/2) and γ are determined in any point of the (tan β,mh2) plane
and so are all the branching ratios of h2,3 and of hLHC. More precisely δ is fixed up to the
sign of sσcσsγ (see first line of Eq. (6.10)), which is the only physical sign that enters the
observables we are considering.
As a first example, to see how the impact of the Higgs fit changes, in Figure 6.17 we
show the excluded regions in the plane (tan β,mh2) for mh3 = 750 GeV and λ = 1.4,
setting s2σ to two different values in order to fix mH± . When s
2
σ = 0 one recovers the
previous H decoupled case in the limit mh3 → ∞. With respect to this case, both γ
and δ are free parameters in the fit to the couplings of hLHC, and as a consequence the
bounds are milder than what is expected from using only γ. If s2σ 6= 0, h2 and h3 are
not decoupled, and their masses can not be split too much consistently with all the other
constraints. This is reflected in a broader excluded region for low mh2 in Figure 6.17 right,
where we take s2σ = 0.25.
As a second example we consider the case of a state h2 lighter than hLHC, lowering mh3
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Figure 6.17: H “almost decoupled” with λ = 1.4 and mh3 = 750 GeV. The dashed isolines are
for mH± . Left: sin
2 σ = 0. Right: sin2 σ = 0.25. The coloured region is excluded at 95%C.L. In
the grey area there is no solution for δ. The thick line shows the na¨ıve exclusion limit from s2γ
only.
to 500 GeV, to see if it could have an enhanced signal strength into γγ. The corresponding
situation is represented in Fig. 6.18, for two choices of λ and ∆t (the choice λ = 0.1 was
recently discussed in [208]). The sign of sσcσsγ has been taken negative in order to
suppress BR(h2 → bb¯). This constrains s2σ to be very small in order to leave a region
still not excluded by the signal strengths of hLHC, with δ small and negative. To get a
signal strength for h2 → γγ close to the SM one for the corresponding mass is possible
for a small enough value of s2γ, while the dependence on mh3 is weak for values of mh3
greater than 500 GeV. Note that the suppression of the coupling of h2 to b-quarks makes
it necessary to consider the negative LEP searches for h2 → hadrons [209], which have
been performed down to mh2 = 60 GeV.
Looking at the similar problem when h2 > hLHC, we find it harder to get a γγ signal
strength close to the SM one, although this might be possible for a rather special choice of
the parameters.3 Our purpose here is more to show that in the fully mixed situation the
role of the measured signal strengths of hLHC, either current or foreseen, plays a crucial
role.
3An increasing significance of the excess found by the CMS [210] at 136 GeV would motivate such
special choice.
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Figure 6.18: Fully mixed situation. Isolines of the signal strength of h2 → γγ normalized
to the SM. We take mh3 = 500 GeV, s
2
σ = 0.001 and vs = v. Left: λ = 0.1, ∆t = 85
GeV. Right: λ = 0.8, ∆t = 75 GeV. Orange and blue regions as in Fig. 6.3. The red
and dark red regions are excluded by LEP direct searches for h2 → bb¯ and h2 → hadrons
respectively.
6.5 Electroweak Precision Tests
One may ask if the electroweak precision tests (EWPT) set some further constraint on
the parameter space explored so far. We have directly checked that this is not the case
in any of the different situations illustrated in the various figures. The reason is different
in the singlet-decoupled and in the H-decoupled cases.
In the H-decoupled case the reduced couplings of hLHC to the weak bosons lead to
well known asymptotic formulae for the corrections to the Sˆ and Tˆ parameters [211]
∆Sˆ = +
α
48pis2w
s2γ log
m2h2
m2hLHC
, ∆Tˆ = − 3α
16pic2w
s2γ log
m2h2
m2hLHC
(6.24)
valid for mh2 sufficiently heavier that hLHC. The correlation of s
2
γ with mh2 given in Eq.
(6.19) leads therefore to a rapid decoupling of these effects. The one loop effect on Sˆ
and Tˆ becomes also vanishingly small as mh2 and hLHC get close to each other, since in
the degenerate limit any mixing can be redefined away and only the standard doublet
contributes as in the SM.
In the singlet-decoupled case the mixing between the two doublets can in principle
lead to more important effects, which are however limited by the constraint on the mixing
angle α or the closeness to zero of δ = α−β+pi/2 already demanded by the measurements
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Figure 6.19: MSSM. Isolines of mhh (solid) and mH± (dashed), the gray region is unphysical
because of m2A < 0. Light coloured regions are excluded at 95%C.L. by the Higgs fit, the red
region is excluded by CMS direct searches for A,H → τ+τ−.
of the signal strengths of hLHC.
4 Since in the δ = 0 limit every extra effect on Sˆ and Tˆ
vanishes, this explains why the EWPT do not impose further constraints on the parameter
space that we have considered.
6.6 The MSSM for comparison
As recalled in Section 6.2, it is instructive to consider the MSSM using as much as possible
the same language, since the MSSM is the λ = 0 limit of the NMSSM in the singlet-
decoupled case.5.
A first important difference of the MSSM versus the NMSSM is in a minimum value
of ∆t & 85 GeV that is needed to accommodate the 126 GeV Higgs boson as the lightest
CP-even neutral scalar. Also for this reason, and because we have one parameter less than
in the previous section, we let ∆t vary. As a consequence, in analogy with Figure 6.2,
we show in Figure 6.19 the allowed regions by current experimental data on the signal
strengths of h1 = hLHC. From the point of view of the parameter space the main difference
is that instead of λ we use ∆t as an effective parameter.
4Notice that in the fully mixed situation there may be relevant regions of the parameter space still
allowed by the fit with a largish δ (see e.g. Fig. 6.1). This could further constrain the small allowed
regions, but the precise contributions to the EWPT depend on the value of the masses of the CP -odd
scalars, which in the generic NMSSM are controlled by further parameters.
5Two recent papers [212, 213] analyze the Higgs system of the MSSM in a way similar to ours and
give comments about the heavy Higgs searches in different channels (see also [214,215]).
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Figure 6.20: MSSM. Isolines of ∆t (solid) and mH± (dashed) at (µAt)/〈m2t˜ 〉  1. Left:
hLHC > h3, red region is excluded by LEP direct searches for h3 → bb¯. Right: hLHC < h3,
red region is excluded by CMS direct searches for A,H → τ+τ− [216]. The orange region
is excluded at 95%C.L. by the current measurements of the signal strengths, the blue
region is unphysical.
The analogue of Fig. 6.3 are shown in Fig. 6.20. As expected, both Fig. 6.19 and
6.20 make clear that a large value of ∆t is needed to make the MSSM consistent with a
125 GeV Higgs boson.
At the same time, and even more than in the NMSSM case, the projection of the mea-
surements of the signal strengths of hLHC is expected to scrutinize most of the parameter
space. We have checked that this is indeed the case with the indirect sensitivity to mh3
in the right panel of Fig. 6.20, which will be excluded up to about 1 TeV, as well as with
the closure of the white region in the left side of the same figure. Notice that a similar
exclusion will hold also for the CP-odd and charged Higgs bosons, whose masses are fixed
in terms of the one of h3. A warning should be kept in mind, however, relevant to the
case h3 < hLHC: the one loop corrections to the mass matrix controlled by (µAt)/〈m2t˜ 〉
modify the left side of Fig. 6.20 for (µAt)/〈m2t˜ 〉 & 1, changing in particular the currently
and projected allowed regions.
Finally, in analogy with Figures 6.5-6.7, we show in Figures 6.21-6.23 the gluon-fusion
production cross sections and the widths of h3 for the MSSM case. For the production
cross sections we have adopted the same procedure of the Singlet decoupled case, and
performed a further check of our results with the ones recently presented in [217] and [212],
finding a very good agreement.
In the MSSM m2A in (6.13) at λ = 0 is the squared mass of the neutral pseudoscalar A,
unlike the case of the general NMSSM, where m2A in (6.13) is only an auxiliary quantity.
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Figure 6.21: MSSM. Isolines of gluon fusion production cross section σ(gg → h3). Light
coloured region is excluded at 95%C.L., the red region is excluded by CMS direct searches for
A,H → τ+τ−. Left: LHC8. Right: LHC14.
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Figure 6.22: MSSM. Left: Isolines of the total width Γh3 (GeV). Right: isolines of BR(h3 → hh).
The light coloured region is excluded at 95%C.L., the red region is excluded by CMS direct
searches.
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Figure 6.23: MSSM. Left: isolines of BR(h3 → tt¯). Right: isolines of BR(h3 → bb¯). The light
coloured region is excluded at 95%C.L., the red region is excluded by CMS direct searches.
In the same (tan β,mh3) plane σ(gg → A) is therefore also determined, which allows to
delimit the currently excluded region by the direct searches for A, h3 → τ+τ−. Such a
region is known to be significant, especially for growing tan β. In Figures 6.19-6.23 we
draw the region excluded by such search, as inferred from [216].
6.7 The NMSSM at λ & 1 and gauge coupling unifi-
cation
As said in Section 4.3, a λ & 0.7 would run to higher values and become non perturbative
before the unification scale [166], thus ruining one of the phenomenological reasons that
motivated supersymmetry. For values of λ & 2 at the weak scale, this coupling would
become non perturbative before ∼ 10 TeV, calling for a strong sector at that scale that
would generically affect EWPT, thus providing a phenomenological upper bound on λ.
To stay in the window 0.7 . λ . 2 one can then either give up on the supersymmetric
unification of gauge couplings, or find ways to change the above running. To pursue
this latter option, the most immediate idea can be that of adding vector-like matter
in complete SU(5) multiplets, to slow down the running of λ by increasing the gauge
couplings at high energies. However, in this way one cannot go above weak scale values
of λ ' 0.8, otherwise it is not possible to reproduce the measured value of the gauge
couplings [218,219].
We propose here a solution that makes also use of two vector-like five-plets as follows.
For ease of exposition let us call them Fu,d + F¯u,d, where Fu is a 5 and Fd a 5¯, thus
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containing one SU(2)-doublet each, hu and hd, with the same quantum numbers of the
standard Hu, Hd used so far. Correspondingly F¯u,d contain two doublets that we call h¯u,d.
Needless to say all these are superfields. Let us further assume that the superpotential is
such that:
• The five-plets interact with a singlet S and pick up SU(5)-invariant masses consis-
tently with a Peccei-Quinn symmetry;
• The standard doublets Hu, Hd mix by mass terms with hu and hd, still maintaining
the Peccei-Quinn symmetry, and do not interact directly with S.
The corresponding superpotential is
f = λSSFuFd +MuFuF¯u +MdFdF¯d +muHuh¯u +mdHdh¯d + λtHuQt, (6.25)
where we have also made explicit the Yukawa coupling of the top to Hu. Below these
masses, all taken to be comparable, this f term leaves three massless supermultiplets:
S, Hˆu = cuHu + suhu, Hˆd = cdHd + sdhd, (6.26)
which interact through the superpotential
fˆ = λˆSHˆuHˆd + λˆtHˆuQt, λˆ = λSsusd, λˆt = λtcu. (6.27)
This superpotential, completed by Peccei-Quinn symmetry breaking terms at the Fermi
scale, defines the effective NMSSM as discussed so far. To cure the growth of λˆ at
increasing energies, the masses in (6.25) will have to be crossed while λˆ is still semi-
perturbative. For λˆ = 1÷ 1.5 these masses are above 1000 TeV.
At greater energies the running of the gauge couplings is affected, compared to the
standard supersymmetric case, by the supermultiplet Hu with a top Yukawa coupling
increased by a factor 1/cu and by the degenerate complete SU(5)-multiplets Fu,d + F¯u,d.
To avoid a Landau pole before the GUT scale in the top Yukawa coupling cu has to be
bigger than about 1/
√
2. As to the effect of Fu,d + F¯u,d, they do not alter the relative
one loop running of the gauge couplings but might give rise to an exceeding growth of all
of them before MGUT due to the presence of the coupling λS, which at some point will
get strong. To avoid this a change of regime in the SU(5)-symmetric sector will have to
intervene to keep under control the anomalous dimensions of the Fu,d, F¯u,d superfields.
6.8 Summary and partial conclusions
Given the current experimental informations, the Higgs sector of the NMSSM appears
to allow a minimally fine-tuned description of electroweak symmetry breaking, at least
in the context of supersymmetric extensions of the SM. Motivated by this fact we have
outlined a possible overall strategy to search for signs of its CP -even states, taking into
account the impact of the measured signal strengths of hLHC.
To have a simple characterization of the properties of the extended Higgs system we
have focused on relations between physical parameters, and suggested a relatively simple
analytic description of four different situations:
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• Singlet-decoupled, h3 < hLHC < h2(= S);
• Singlet-decoupled, hLHC < h3 < h2(= S);
• H-decoupled, h2 < hLHC < h3(= H);
• H-decoupled, hLHC < h2 < h3(= H).
To make this possible we have not included any radiative effects of superpartners other
than the top-stop loop corrections to the quartic Higgs couplings, (6.3). While providing
at least a useful reference case, we think that this is motivated by the consideration
of superpartner masses at their “naturalness limit”. We have not been sticking to a
particular NMSSM, which might imply specific constraints on the physical parameters
that we consider, but we have assumed to live in the case of negligible CP violation in the
Higgs sector. In our view the advantages of having an overall coherent analytic picture
justify the introduction of these assumptions.
Let us first summarize the impact of the measurements –current and foressen– of the
hLHC signal strengths on the above picture. Even though they are close to those expected
in the SM, in the NMSSM they still allow for a new heavier state nearby, unlike in the
case of the MSSM, where a CP-even scalar heavier than hLHC and below about 300 GeV
is unlikely [220]. This is true in both the limiting cases that we have considered, as
visible in Figures 6.3 and 6.8, to be contrasted with Figure 6.20. On the other hand,
the same Figures show that the measured signal strengths of hLHC do limit the possible
values of λ, at least for moderate values of tan β, which is the region mostly motivated by
naturalness: λ ≈ 1 is still largely allowed in the H-decoupled case, whereas it is borderline
in the singlet decoupled situation. As commented upon in Section 6.7, we think that λ & 1
can be compatible with gauge coupling unification. The case of another CP-even state
lighter than hLHC is allowed in all cases, sometimes in a very small region, with the LEP
direct searches playing an important role in the exclusions. Note however that in the
S-decoupled and MSSM cases this would require a charged Higgs lighter than 100 GeV,
which is generically difficult to reconcile with indirect constraints from B → Xsγ [178].
A quantitative estimate of the sensitivity of the foreseen measurements at LHC14 with
300 fb−1 makes it likely that the singlet-decoupled case will be thoroughly explored, as
evident from Figure 6.4, while the singlet-mixing effects could remain hidden. We also
found that, in the MSSM with (µAt)/〈m2t˜ 〉 . 1, the absence of deviations in the hLHC
signal strengths would push the mass of the other Higgs bosons up to a TeV.
Most importantly from the point of view of the direct searches,6 these features reflect
themselves in the behaviour of the new states, quite different in the two NMSSM cases,
especially in their decay properties.
• The state h2 of the H-decoupled case, when heavier than about 250 GeV, has a
large BR into a pair of hLHC, with V V as subdominant decay (Figures 6.10-6.11).
With the production cross sections shown in Figure 6.9 its direct search at LHC8
6A first attempt at studying heavier Higgs decays in the NMSSM with λ > 1 was made in [221].
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and LHC14 may be challenging, although perhaps not impossible [222].
When the hLHChLHC decay channel is not allowed by phase space, and for both
h2 > hLHC and hLHC < h2 cases, the signal strengths of h2 are simply those of a SM
Higgs, suppressed by a s2γ factor. With this in mind it is easy to see that e.g. the
LHC searches of a Higgs boson into ZZ [223, 224] and WW [225] are starting to
probe the allowed region, at least in a small mass window. On the contrary, those
in ττ [226, 227], bb [228, 229] and γγ [210] have not (yet) reached such a level of
sensitivity.
• On the other hand, the reduced value of λ allowed in the singlet decoupled case
makes the bb¯ channel, and so the τ τ¯ , most important, below the tt¯ threshold (Fig-
ures 6.6 and 6.7). This makes the state h3 relatively more similar to the CP-even
H state of the MSSM (Figures 6.22 and 6.23), which is being actively searched.
From the point of view of indirect searches it is also interesting that, in the H-decoupled
case, large deviations from the SM value are possible in the triple Higgs coupling g3hLHC ,
contrary to the S-decoupled and MSSM cases.
Finally, in case of a positive signal, direct or indirect, it may be important to try to
interpret it in a fully mixed scheme, involving all the three CP -even states. To this end
the analytic relations of the mixing angles to the physical masses given in Eqs. (6.8)-(6.10)
offer a useful tool, as illustrated in the examples of a γγ signal of Fig. 6.18.
It will be interesting to follow the progression of the searches of the Higgs system
of the NMSSM, directly or indirectly through the more precise measurements of the h1
properties. We believe that the framework outlined here should allow to systematize
these searches in a clear way. We also think that they should be pursued actively and
independently from the searches of the superpartners.
Part III
Composite Higgs models
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Chapter 7
Composite Higgs models facing
flavour and electroweak precision
tests
Here we are concerned with the implications of the Higgs boson discovery for the view
that tries to explain a natural Fermi scale in terms of the Higgs particle as a composite
pseudo-Goldstone boson [230–233]. More precisely, we shall concentrate our attention on
the compatibility of such interpretation of the newly found particle with constraints from
flavour and electroweak precision tests (EWPT).
The common features emerging from the modelling of the strong dynamics responsible
for the existence of the composite pseudo-Goldstone Higgs boson are:1
i) a breaking scale of the global symmetry group, f , somewhat larger than the EWSB
scale v ≈ 246 GeV;
ii) a set of ρ-like vector resonances of typical mass mρ = gρf ;
iii) a set of spin-1
2
resonances, vector-like under the Standard Model (SM) gauge group,
of typical mass mψ = Y f ;
iv) bilinear mass-mixing terms between the composite and the elementary fermions, ul-
timately responsible for the masses of the elementary fermions themselves [50].
These same mass mixings are crucial in explicitly breaking the global symmetry of the
strong dynamics, i.e. in triggering EWSB, with a resulting Higgs boson mass
mh = C
√
Nc
pi
mtY, (7.1)
where Nc = 3 is the number of colours, mt is the top mass and C is a model dependent
coefficient of O(1), barring unnatural fine-tunings [235–240]. This very equation makes
1For a review we refer the reader to [234].
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manifest that the measured mass of 125 GeV calls for a semi-perturbative coupling Y of
the fermion resonances and, in turn, for their relative lightness, if one wants to insist on
a breaking scale f not too distant from v itself. For a reference value of f = 500–700
GeV, which in PNGB Higgs models is enough to bring all the Higgs signal strengths in
agreement with the currently measured values [193], one expects fermion resonances with
typical mass not exceeding about 1 TeV, of crucial importance for their direct searches
at the LHC. These searches are currently sensitive to masses in the 500–700 GeV range,
depending on the charge of the spin-1
2
resonance and on the decay channel [241–244].
In this Chapter we aim to investigate the compatibility of this feature with flavour and
EWPT.
To address this question, we consider a number of different options for the transfor-
mation properties of the spin-1
2
resonances under the global symmetries of the strong
dynamics, motivated by the need to be consistent with the constraints from the EWPT,
as well as different options for the flavour structure/symmetries, motivated by the many
significant flavour bounds. To make the Chapter readable, after defining the setup for the
various cases in Section 7.1, we analyze in succession the different options for the flavour
structures/symmetries: Anarchy in Section 7.3, U(3)3 in Section 7.4, U(2)3 in Section 7.5.
Section 7.2 describes the constraints from EWPT that apply generally to all flavour mod-
els. Orthogonal to the rest of the Chapter, Section 7.6 discuss the implementation of a
flavour symmetry in the lepton sector, and its consequences. A partial summary and the
conclusions are contained in Section 7.7.
7.1 Setup
To keep the discussion simple and possibly not too model dependent, we follow the partial
compositeness approach of ref. [51]. The vector resonances transform in the adjoint rep-
resentation of a global symmetry respected by the strong sector, which contains the SM
gauge group. To protect the T parameter from tree-level contributions, we take this sym-
metry to be Gc = SU(3)c× SU(2)L× SU(2)R×U(1)X . We assume all vector resonances
to have mass mρ and coupling gρ. For the explicit form of their effective Lagrangian we
refer to [51].
The choice of the fermion representations has important implications for the elec-
troweak precision constraints. We will consider three cases, as customary in the literature.
1. The elementary SU(2)L quark doublets, qL, mix with composite vector-like SU(2)L
doublets, Q, one per generation. The elementary quark singlets, uR and dR, couple
both to an SU(2)R doublet R. We will call this the doublet model.
2. The elementary SU(2)L quark doublets mix with a composite L = (2, 2)2/3 of
SU(2)L × SU(2)R × U(1)X , and the elementary quark singlets couple both to a
composite triplet R = (1, 3)2/3. The model also contains a (3, 1)2/3 to preserve LR
symmetry. We will call this the triplet model.
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3. The elementary SU(2)L quark doublets mix with a LU = (2, 2)2/3 and a LD =
(2, 2)−1/3 of SU(2)L×SU(2)R×U(1)X , the former giving masses to up-type quarks,
the latter to down-type quarks. The elementary up and down quark singlets couple
to a (1, 1)2/3 and a (1, 1)−1/3 respectively. We will call this the bidoublet model.
For concreteness, the part of the Lagrangian involving fermions reads
• In the doublet model
Ldoublets = −Q¯imiQQi − R¯imiRRi +
(
Y ijtr[Q¯iLHRjR] + h.c
)
, (7.2)
Ldoubletmix = mjQλijL q¯iLQjR +miRλijRuU¯ iLujR +miRλijRdD¯iLdjR . (7.3)
where H = (iσ2H∗, H) and R = (U D)T is an SU(2)R doublet;
• In the triplet model
Ltriplets = −tr[L¯imiLLi]− tr[R¯imiRRi]− tr[R¯′ imiRR′ i]
+Y ijtr[L¯iLHRjR] + Y ijtr[H L¯iLR′ jR ] + h.c , (7.4)
Ltripletmix = mjLλijL q¯iLQjR +miRλijRuU¯ iLujR +miRλijRdD¯iLdjR . (7.5)
where Q is the T3R = −12 SU(2)L doublet contained in L and U,D are the elements
in the triplet R with charge 2/3 and -1/3 respectively;
• In the bidoublet model
Lbidoublets = −tr[L¯iUmiQuLiU ]− U¯ imiUU i +
(
Y ijU tr[L¯
i
UH]LU jR + h.c
)
+ (U → D) ,
(7.6)
Lbidoubletmix = mjQuλijLuq¯iLQjRu +miUλijRuU¯ iLujR + (U, u→ D, d) , (7.7)
where again Qu and Qd are the doublets in LU and LD which have the same gauge
quantum numbers of the SM left-handed quark doublet.
Everywhere i, j are flavour indices. The field content in all three cases is summarized in
Table 7.1.2
We avoid an explicit discussion of the relation between the above simple effective La-
grangians and more basic models which include the Higgs particle as a pseudo-Goldstone
boson. Here it suffices to say that the above Lagrangians are suitable to catch the main
phenomenological properties of more fundamental models. For this to be the case, the
truly basic assumption is that the lowest elements of towers of resonances, either of spin-1
2
or of spin 1, normally occurring in more complete models, are enough to describe the main
phenomenological consequences, at least in as much as tree-level effects are considered.
For simplicity we also assume the composite fermions to have all the same mass. To
2Note that we have omitted “wrong-chirality” Yukawa couplings like Y˜ ijtr[Q¯iRHRjL] for simplicity.
They are not relevant for the tree-level electroweak and flavour constraints and do not add qualitatively
new effects to the loop contributions to the T parameter.
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model SU(3)c SU(2)L SU(2)R U(1)X
doublet
Q 3 2 1 1
6
R 3 1 2 1
6
triplet
L 3 2 2 2
3
R 3 1 3 2
3
R′ 3 3 1 2
3
bidoublet
LU 3 2 2
2
3
LD 3 2 2 −13
U 3 1 1 2
3
D 3 1 1 −1
3
Table 7.1: Quantum numbers of the fermionic resonances in the three models considered.
All composite fields come in vector-like pairs. The X charge is related to the standard
hypercharge as Y = T3R +X.
set the correspondence between the partial compositeness Lagrangians that we use and
models with the Higgs as a pseudo-Goldstone boson, one can take the composite Yukawa
couplings Y ij in (7.2),(7.4) and (7.6) to be proportional to the parameter Y in (7.1), and
identify the common fermion mass with mψ = Y f , up to a model dependent factor of
O(1).
7.1.1 Flavour structure
Quark masses and mixings are generated after electroweak symmetry breaking from the
composite-elementary mixing. The states with vanishing mass at v = 0 obtain the stan-
dard Yukawa couplings, in matrix notation,
yˆu ≈ sLu · ULu · YU · U †Ru · sRu (7.8)
where
λLu = diag(λLu1, λLu2, λLu3) · ULu , (7.9)
λRu = U
†
Ru · diag(λRu1, λRu2, λRu3) , (7.10)
siiX = λXi/
√
1 + (λXi)2, X = L,R , (7.11)
and similarly for yˆd. Here and in the following, the left-handed mixings are different for
u and d quarks, sLu 6= sLd, only in the bidoublet model. At the same time, in the v = 0
limit, the remaining states have mass mψ or mψ/
√
1 + (λX)2, respectively if they mix or
do not mix with the elementary fermions.
While the effective Yukawa couplings yˆu,d must have the known hierarchical form, the
Yukawa couplings in the strong sector, YU,D, could be structureless anarchic matrices (see
e.g. [53, 245–251]). However, to ameliorate flavour problems, one can also impose global
flavour symmetries on the strong sector. We discuss three cases in the following.
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Anarchy
In the anarchic model, the YU,D are anarchic matrices, with all entries of similar order,
and the Yukawa hierarchies are generated by hierarchical mixings λ. From a low energy
effective theory point of view, the requirement to reproduce the observed quark masses
and mixings fixes the relative size of the mixing parameters up to – a priori unknown –
functions of the elements in YU,D. We follow the common approach to replace functions of
Yukawa couplings by appropriate powers of “average” Yukawas YU∗,D∗, keeping in mind
that this introduces O(1) uncertainties in all observables. In this convention, assuming
λX3  λX2  λX1, the quark yukawas are given by
yu = YU∗sLu1sRu1 , yc = YU∗sLu2sRu2 , yt = YU∗sLu3sRu3 . (7.12)
and similarly for the Q = −1/3 quarks. In the doublet and triplet models, the entries of
the CKM matrix are approximately given by
Vij ∼ sLi
sLj
, (7.13)
where i < j. Using Eqs. (7.12) and (7.13), one can trade all but one of the sL,R for known
quark masses and mixings. We choose the free parameter as
xt ≡ sL3/sRu3. (7.14)
In the bidoublet model, instead of (7.13) one has in general two different contributions to
Vij
Vij ∼ sLdi
sLdj
± sLui
sLuj
. (7.15)
Given the values of all quark masses and mixings, the hierarchy λX3  λX2  λX1 is
only compatible with sLui/sLuj being at most comparable to sLdi/sLdj. In view of this,
the two important parameters are
xt ≡ sLt/sRt , z ≡ sLt/sLb . (7.16)
The requirement to reproduce the large top quark yukawa (mt =
yt√
2
v)
yt = sLtYU∗sRt, (7.17)
restricts xt to a limited range around one
3,
yt
YU∗
< xt <
YU∗
yt
, (7.18)
while we take z throughout to be greater than or equal to 1.
From now on we identify YU∗ and YD∗ with the parameter Y of (7.1).
3In our numerical analysis, we will take yt = 0.78, which is the running MS coupling at 3 TeV.
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U(3)3
In the U(3)3 models [252–254] one tries to ameliorate the flavour problem of the anarchic
model by imposing a global flavour symmetry, at the price of giving up the potential
explanation of the generation of flavour hierarchies. Concretely, one assumes the strong
sector to be invariant under the diagonal group U(3)Q+U+D or U(3)Qu+U×U(3)Qd+D. The
composite-elementary mixings are the only sources of breaking of the flavour symmetry of
the composite sector and of the U(3)q×U(3)u×U(3)d flavour symmetry of the elementary
sector. We consider two choices.
1. In left-compositeness, to be called U(3)3LC in short, the left mixings are proportional
to the identity, thus linking q toQ (Qu, Qd) into U(3)Q+U+D+q (or U(3)Qu+Qd+U+D+q),
and the right mixings λRu, λRd are the only source of U(3)
3 breaking.
2. In right-compositeness, to be called U(3)3RC in short, the right mixings link u to U
and d to D into U(3)Qu+U+u × U(3)Qd+D+d, while the left mixings λLu, λLd are the
only source of U(3)3 breaking.
All the composite-elementary mixings are then fixed by the known quark masses and CKM
angles, up to the parameters xt (and, in the bidoublet model, z), which are defined as in
(7.14, 7.16). Compared to the anarchic case, one now expects the presence of resonances
related to the global symmetry U(3)Q+U+D or U(3)Qu+U×U(3)Qd+D, which in the following
will be called flavour gauge bosons4 and assumed to have the same masses mρ and gρ as
the gauge resonances. Note that left-compositeness can be meaningfully defined for any
of the three cases for the fermion representations, whereas right-compositeness allows to
describe flavour violations only in the bidoublet model.
To fix the conventions for a later analysis, in U(3)3RC the effective Yukawa couplings
have the form
q¯LsˆLuYUsRuuR (7.19)
(and similarly for the down quarks) where sˆLu is a generic 3 × 3 mixing matrix and YU ,
sRu are both proportional to the unit matrix. In U(3)
3
LC the role of the mixings is reversed
and the Yukawa couplings take the form
q¯LsLuYU sˆRuuR. (7.20)
U(2)3
In U(2)3 models one considers a U(2)q × U(2)u × U(2)d symmetry, under which the first
two generations of quarks transform as doublets and the third generation as singlets,
broken in specific directions dictated by minimality [2, 85]. Compared to U(3)3, one has
a larger number of free parameters, but can break the flavour symmetry weakly, since the
large top yukawa is invariant under U(2)3. Analogously to the U(3)3 case:
4We will only allow flavour gauge bosons related to the SU(3) subgroups of the U(3) factors.
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1. In left-compositeness, to be called U(2)3LC, the left mixings are diagonal with the
first two entries equal to each other and the only sources of U(2)3 breaking reside
in the right-handed mixings.
2. In right-compositenss, to be called U(2)3RC, the right mixings are diagonal with the
first two entries equal to each other and the only sources of U(2)3 breaking reside
in the left-handed mixings.
Again we expect the presence of flavour gauge bosons associated with the global symme-
tries of the strong sector. As before right-compositeness can be meaningfully defined only
in the bidoublet model.
Let us now be more specific in the definition of the framework. The strong sector can be
taken invariant under a U(2)Q+U+D flavour symmetry acting on the first two generations
of composite quarks. In right-compositeness – meaningful only in the bidoublet model –
in order to generate the CKM matrix one has to consider a larger U(2)Qu+U × U(2)Qd+D
symmetry. Let us define
Qu =
(
Qu
Qu3
)
, U =
(
U
T
)
, qL =
(
qL
q3L
)
, uR =
(
uR
tR
)
, (7.21)
where the first two generation doublets are written in boldface, and the same for down-type
quarks. The mixing Lagrangians in the cases of left-compositeness and right-compositeness
are respectively5
LU(2)3LCmix = mU3λLu3 q¯3LQu3R +mU2λLu2 q¯LQuR +mU3λRu3 T¯LtR
+mU2 du (U¯LV )tR +mU2 U¯L∆uuR + h.c. + (u, U, t, T → d,D, b, B) (7.22)
and
LU(2)3RCmix = mU3λRu3 T¯LtR +mU2λRu2 U¯LuR +mU3λL(u)3 q¯3LQu3R
+mU3 du (q¯LV )Q
u
3R +mU2 q¯L∆uQ
u
R + h.c. + (u, U, t, T → d,D, b, B). (7.23)
The mixings in the first line of (7.22) and (7.23) break the symmetry of the strong sector
down to U(2)q×U(2)u×U(2)d. This symmetry is in turn broken minimally by the spurions
of (3.4), where we have renamed ∆Yu,d to ∆u,d to avoid confusion with the strong Yukawa
couplings. Using U(2)3 transformations of the quarks they can be put in the simple form
V =
(
0
L
)
, ∆u =
(
cu sue
iαu
−sue−iαu cu
)(
λXu1 0
0 λXu2
)
, (u↔ d), (7.24)
where X = R,L in left- and right-compositeness, respectively.
The SM Yukawa couplings (7.8) can be written in terms of the spurions as
yˆu =
(
au ∆u bte
iφtV
0 yt
)
, yˆd =
(
ad ∆d bbe
iφbV
0 yb
)
, (7.25)
5We write the Lagrangians for the bidoublet model. The doublet and triplet cases are analogous, with
Qu and Qd replaced by a single Q.
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where
yt = YU3sLu3sRu3, (7.26)
au = YU2sLu2, bt = YU2sLu2 du, in left-compositeness, (7.27)
au = YU2sRu2, bt = YU3sRu3 du, in right-compositeness, (7.28)
sXi = λXi/
√
1 + (λXi)2, and similarly for ad, bb and yb. Here and in the following we
consider all the parameters real, factoring out the phases everywhere as in (7.25). The
yˆu,d are diagonalized to a sufficient level of approximation by pure unitary transformations
of the left-handed quarks [2]
Uu '
 cu sueiαu −sustei(αu+φt)−sue−iαu cu −custeiφt
0 ste
−iφt 1
 , Ud '
 cd sdeiαd −sdsbei(αd+φb)−sde−iαd cd −cdsbeiφb
0 sbe
−iφb 1
 ,
(7.29)
where
st = YU2sLu2
duL
yt
, sb = YD2sLd2
ddL
yb
, in left-compositeness, (7.30)
st = YU3sRu3
duL
yt
, sb = YD3sRd3
ddL
yb
, in right-compositeness. (7.31)
The CKM matrix is V = UuU
†
d and, after a suitable redefinition of quark phases, takes
the form
V '
 1− λ2/2 λ suse−iδ−λ 1− λ2/2 cus
−sds ei(φ+δ) −scd 1
 , (7.32)
where
sucd − cusde−iφ ≡ λeiδ, sbeiφb − steiφt ≡ seiχ. (7.33)
7.2 General electroweak precision constraints
In this section we discuss electroweak precision constraints that hold independently of
the flavour structure. Among the models considered, only U(3)3LC is subject to additional
electroweak constraints, to be discussed in Section 7.4.1.
7.2.1 Oblique corrections
As well known, the S parameter receives a tree-level contribution, which for degenerate
composite vectors reads [51]
S =
8piv2
m2ρ
, (7.34)
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independently of the choice of fermion representations. It is also well known that S and
T both get at one loop model-independent “infrared-log” contributions [211]
Sˆ =
(
v
f
)2
g2
96pi2
log
mρ
mh
, Tˆ = −
(
v
f
)2
3g2t2w
32pi2
log
mρ
mh
. (7.35)
where Sˆ = αem/(4s
2
w)S and Tˆ = αemT .
Experimentally, a recent global electroweak fit after the discovery of the Higgs boson
[40] finds S − SSM = 0.03 ± 0.10 and T − TSM = 0.05 ± 0.12. Requiring 2σ consistency
with these results of the tree level correction to S, Eq. (7.34), which largely exceeds the
infrared logarithmic contribution of (7.35) and has the same sign, gives the bound
mρ > 2.6 TeV . (7.36)
The one loop correction to the T parameter instead strongly depends on the choice of
the fermion representations. We present here simplified formulae valid in the three models
for a common fermion resonance mass mψ and developed to first nonvanishing order in
λLt, λRt, as such only valid for small sLt, sRt. An explicit derivation of such formulae was
not presented explicitely in [4], the interested reader finds it in Appendix C.
In the doublet model the leading contribution to Tˆ , proportional to λ4Rt, reads
Tˆ =
71
140
Nc
16pi2
m2t
m2ψ
Y 2
x2t
. (7.37)
In the bidoublet model one obtains from a leading λ4Lt term
Tˆ = −107
420
Nc
16pi2
m2t
m2ψ
x2tY
2
U . (7.38)
In the triplet model the leading contributions are
Tˆ =
(
log
Λ2
m2ψ
− 1
2
) Nc
16pi2
m2t
m2ψ
Y 3
ytxt
, and Tˆ =
197
84
Nc
16pi2
m2t
m2ψ
x2tY
2 , (7.39)
where the first comes from λ2Rt and the second from λ
4
Lt. Note the logarithmically diver-
gent contribution to the λ2Rt term that is related to the explicit breaking of the SU(2)R
symmetry in the elementary-composite fermion mixing and would have to be cured in a
more complete model.
Imposing the experimental bound at 2σ, Eqs. (7.37, 7.38, 7.39) give rise to the bounds
on the first line in Table 7.2 (where we set log (Λ/mψ) = 1). Here however there are
two caveats. First, as mentioned, Eqs. (7.37, 7.38, 7.39) are only valid for small mixing
angles. Furthermore, for moderate values of f , a cancellation could take place between
the fermionic contributions and the infrared logs of the bosonic contribution to T . As
we shall see, the bounds from S and T are anyhow not the strongest ones that we will
encounter: they are compatible with mψ . 1 TeV for Y = 1 to 2 and gρ = 3 to 5. Note
that here and in the following mψ represents the mass of the composite fermions that
mix with the elementary ones, whereas, as already noticed, the “custodians” have mass
mψ/
√
1 + (λX)2.
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
T 0.28 Y/xt 0.51
√
Y 3/xt, 0.60 xtY 0.25 xtYU
Rb (g
L
Zbb) 5.6
√
xtY 6.5 YD
√
xt/YU/z
B → Xsγ (gRWtb) 0.44
√
Y/xt 0.44
√
Y/xt 0.61
Table 7.2: Lower bounds on the fermion resonance mass mψ = Y f in TeV from elec-
troweak precision observables. A blank space means no significant bound.
7.2.2 Modified Z couplings
In all three models for the electroweak structure, fields with different SU(2)L quantum
numbers mix after electroweak symmetry breaking, leading to modifications in Z couplings
which have been precisely measured at LEP. Independently of the flavour structure, an
important constraint comes from the Z partial width into b quarks, which deviates by
2.5σ from its best-fit SM value [40]
Rexpb = 0.21629(66) , R
SM
b = 0.21474(3) . (7.40)
Writing the left- and right-handed Z couplings as
g
cw
b¯γµ
[
(−1
2
+ 1
3
s2w + δg
L
Zbb)PL + (
1
3
s2w + δg
R
Zbb)PR
]
bZµ , (7.41)
one gets
δgLZbb =
v2Y 2D
2m2D
xyt
YU
a+
g2ρv
2
4m2ρ
xyt
YU
b , δgRZbb =
v2Y 2D
2m2D
y2bYU
xtytY 2D
c+
g2ρv
2
4m2ρ
y2bYU
xtytY 2D
d , (7.42)
with the coefficients
doublet triplet bidoublet
a 1/2 0 1/(2z2)
b 1/2 0 1/z2
doublet triplet bidoublet
c −1/2 −1/2 0
d −1/2 −1 0
The vanishing of some entries in (7.42) can be simply understood by the symmetry con-
siderations of ref. [255]. As manifest from their explicit expressions the contributions
proportional to a and c come from mixings between elementary and composite fermions
with different SU(2) × U(1) properties, whereas the contributions proportional to b and
d come from ρ-Z mixing. Taking YU = YD = Y , mD = Y f and mρ = gρf , all these
contributions scale however in the same way as 1/(f 2Y ).
It is important to note that δgLZbb is always positive or 0, while δg
R
Zbb is always negative
or 0, while the sign of the SM couplings is opposite. As a consequence, in all 3 models
considered, the tension in Eq. (7.40) is always increased. Allowing the discrepancy to be
at most 3σ, we obtain the numerical bounds in the second row of Table 7.2. The bound
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on mψ in the doublet model is highly significant since xtY > 1, whereas it is irrelevant in
the triplet model and can be kept under control in the bidoublet model for large enough
z (but see below). In the triplet model, there is a bound from the modification of the
right-handed coupling, which is however insignificant.
7.2.3 Right-handed W couplings
Analogously to the modified Z couplings, also the W couplings are modified after EWSB.
Most importantly, a right-handed coupling of the W to quarks is generated. The most
relevant experimental constraint on such coupling is the branching ratio of B → Xsγ,
because a right-handed Wtb coupling lifts the helicity suppression present in this loop-
induced decay in the SM [256]. Writing this coupling as
g√
2
δgRWtb(t¯γ
µPRb)W
+
µ , (7.43)
one gets
δgRWtb =
v2YUYD
2mQmU
yb
xtYU
a+
g2ρv
2
4m2ρ
yb
xtYU
b , (7.44)
with the coefficients
doublet triplet bidoublet
a 1 1 −2xtyt/Y
b 1 1 0
The coefficients in the bidoublet model vanish at quadratic order in the elementary-
composite mixings as a consequence of a discrete symmetry [255]. The nonzero value
for a in the table is due to the violation of that symmetry at quartic order [256]. The
contribution to the Wilson coefficient C7,8, defined as in [257], reads
C7,8 =
mt
mb
δgRWtb
Vtb
A7,8(m
2
t/m
2
W ) (7.45)
where A7(m
2
t/m
2
W ) ≈ −0.80 and A8(m2t/m2W ) ≈ −0.36.
Since the B → Xsγ decay receives also UV contributions involving composite dynam-
ics, we impose the conservative bound that the SM plus the IR contributions above do
not exceed the experimental branching ratio by more than 3σ. In this way we find the
bound in the last row of Table 7.2.
7.3 Constraints on the anarchic model
We now discuss constraints that are specific to the anarchic model, as defined above, and
hold in addition to the bounds described in the previous section.
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7.3.1 Tree-level ∆F = 2 FCNCs
In the anarchic model exchanges of gauge resonances give rise to ∆F = 2 operators at
tree level. Up to corrections of order v2/f 2, the Wilson coefficients of the operators
QdLLV = (d¯
i
Lγ
µdjL)(d¯
i
Lγ
µdjL) , Q
dRR
V = (d¯
i
Rγ
µdjR)(d¯
i
Rγ
µdjR) , (7.46)
QdLRV = (d¯
i
Lγ
µdjL)(d¯
i
Rγ
µdjR) , Q
dLR
S = (d¯
i
Rd
j
L)(d¯
i
Ld
j
R) , (7.47)
can be written as
CdABD =
g2ρ
m2ρ
gijAdg
ij
Bdc
dAB
D , A,B = L,R, D = V, S, (7.48)
and with the obvious replacements for up-type quarks, relevant for D-D¯ mixing.
The couplings gijqA with i 6= j contain two powers of elementary-composite mixings.
In the doublet and triplet models, one can use Eqs. (7.12)–(7.14) to write them as (ξij =
VtjV
∗
ti )
gijL ∼ sLdisLdj ∼ ξij
xtyt
Y
, (7.49)
gijRu ∼ sRuisRuj ∼
yuiyuj
Y ytxtξij
, (7.50)
gijRd ∼ sRdisRdj ∼
ydiydj
Y ytxtξij
. (7.51)
In the bidoublet model, one has
gijLd ∼ gijLu ∼ ξij
xtyt
YU
, gijRd ∼ z2
YU
Y 2D
ydiydj
ytxtξij
. gijRu ∼
yuiyuj
YUytxtξij
. (7.52)
The coefficients cABD are discussed in Appendix B.
The experimental bounds on the real and imaginary parts of the Wilson coefficients
have been given in [117,258]. Since the phases of the coefficients can be of order one and
are uncorrelated, we derive the bounds assuming the phase to be maximal. We obtain the
bounds in the first eight rows of Table 7.3. As is well known, by far the strongest bound,
shown in the first row, comes from the scalar left-right operator in the kaon system which
is enhanced by RG evolution and a chiral factor. Note in particular the growth with z of
the bound in the bidoublet case, which counteracts the 1/z behaviour of the bound from
Rb. But also the left-left vector operators in the kaon, Bd and Bs systems lead to bounds
which are relevant in some regions of parameter space. The bounds from the D system
are subleading.
7.3.2 Flavour-changing Z couplings
Similarly to the modified flavour-conserving Z couplings discussed in Section 7.2.2, also
flavour-changing Z couplings are generated in the anarchic model. In the triplet and
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
K (Q
LR
S ) 14 14 14 z
K (Q
LL
V ) 2.7 xt 3.9 xt 3.9 xt
Bd-B¯d (Q
LR
S ) 0.7 0.7 0.7
Bd-B¯d (Q
LL
V ) 2.3 xt 3.4 xt 3.4 xt
Bs-B¯s (Q
LR
S ) 0.6 0.6 0.6
Bs-B¯s (Q
LL
V ) 2.3 xt 3.4 xt 3.4 xt
D-D¯ (QLRS ) 0.5 0.5 0.5
D-D¯ (QLLV ) 0.4 xt 0.6 xt 0.6 xt
KL → µµ (f–ψ) 0.56
√
Y/xt 0.56
√
Y/xt
KL → µµ (Z–ρ) 0.39
√
Y/xt 0.56
√
Y/xt
Table 7.3: Flavour bounds on the fermion resonance mass mψ in TeV in the anarchic
model.
doublet models, as well as in the bidoublet model, since the down-type contributions to
the CKM matrix are not smaller than the up-type contributions in (7.15), one has
δgLZdidj ∼
sLdisLdj
s2Lb
δgLZbb ∼ ξij δgLZbb , (7.53)
δgRZdidj ∼
sRdisRdj
s2Rb
δgRZbb ∼
ydiydj
y2b ξij
δgRZbb . (7.54)
In the b→ s case, a global analysis of inclusive and exclusive b→ s`+`− decays [257]
finds |δgL,RZbs | . 8 × 10−5, while in the s → d case, one finds |δgL,RZsd| . 6 × 10−7 from the
KL → µ+µ− decay [259]6. Using (7.53) one finds that the resulting constraints on the
left-handed coupling are comparable for b→ s and s→ d. Since they are about a factor
of 3 weaker than the corresponding bound from Z → bb¯, we refrain from listing them
in Table 7.3, but their presence shows that the strong bound from Rb cannot simply be
circumvented by a fortuitous cancellation. In the case of the right-handed coupling, one
finds that the constraint from KL → µ+µ− is an order of magnitude stronger than the one
from b → s`+`−, and also much stronger than the bound on the right-handed coupling
coming from Z → bb¯. The numerical bounds we obtain are shown in the last two rows
of Table 7.3 from the contributions with fermion or gauge boson mixing separately since,
in constrast to Z → bb¯, the two terms are multiplied by different O(1) parameters in the
flavour-violating case.
6The decay K+ → pi+νν¯ leads to a bound |δgL,RZsd | . 3×10−6 at 95% C.L. and is thus currently weaker
than KL → µ+µ−, even though it is theoretically much cleaner.
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7.3.3 Loop-induced chirality-breaking effects
Every flavour changing effect discussed so far originates from tree-level chirality-conserving
interactions of the vector bosons, either the elementary Wµ and Zµ or the composite ρµ.
At loop level, chirality-breaking interactions occur as well, most notably with the photon
and the gluon, which give rise in general to significant ∆F = 1 flavour-changing effects
(b→ sγ, ′K , ∆ACP (D → PP )), as well as to electric dipole moments of the light quarks.
In the weak mixing limit between the elementary and the composite fermions, explicit
calculations of some of the ∆F = 1 effects have been made in [256, 260, 261], obtaining
bounds in the range mψ > (0.5–1.5)Y TeV. For large CP-violating phases the generated
EDMs for the light quarks can be estimated consistent with the current limit on the
neutron EDM only if mψ > (3–5)Y TeV, where the limit is obtained from the analysis
of [3].
7.3.4 Direct bounds on vector resonances
Direct production of vector resonances and subsequent decay to light quarks can lead to
a peak in the invariant mass distribution of pp→ jj events at the LHC. In the anarchic
model, due to the small degree of compositeness of first generation quarks, the coupling
of vector resonances to a first generation quark-antiquark pair is dominated by mixing
with the SM gauge bosons and thus suppressed by g2el/gρ. For a 3 TeV gluon resonance
at the LHC with
√
s = 8 TeV, following the discussion in Appendix B we expect
σ(pp→ G∗) = 2pi
9s
g43
g2ρ
[Luu¯(s,m2ρ) + Ldd¯(s,m2ρ)] ≈ 5 fbg2ρ . (7.55)
The ATLAS collaboration has set an upper bound of 7 fb on the cross section times
branching ratio to two jets times the acceptance [262], and a similar bound has been
obtained by CMS [263]. Given that the gluon resonance will decay dominantly to top
quarks, we conclude that the bound is currently not relevant, even for small gρ.
A similar argument holds in the case of the dijet angular distribution, which can be
used to constrain local four-quark operators mediated by vector resonances. Following
the discussion in Appendix B, we obtain the bound
mρ >
4.5 TeV
gρ
(7.56)
which, in combination with the bound on mρ from the S parameter, is irrelevant for
gρ & 1.5.
7.3.5 Partial summary and prospects on anarchy
If the bound coming from the QLRS contribution to K is taken at face value, the fermion
resonances should be far too heavy to be consistent with a naturally light Higgs boson
and certainly unobservable, either directly or indirectly. Note in particular the growth of
this bound with z in the bidoublet model.
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In view of the fact that this bound carries an O(1) uncertainty, one might however
speculate on what happens if this constraint is ignored. As visible from Table 7.3, with
the exception of the first line, all the strongest bounds on mψ in the bidoublet or in the
triplet models can be reduced down to about 1 TeV by taking xt =
1
3
to 1
4
. This however
correspondingly requires Y = 3 to 4 (and maximal right-handed mixing) which pushes up
the bounds from KL → µ+µ− and is not consistent with mψ = Y f and f & 0.5 TeV. The
loop-induced chirality-breaking effects on ′ and ∆ACP in D → PP decays would also
come into play. Altogether, even neglecting the bound from K(Q
LR
S ), fermion resonances
below about 1.5 TeV seem hard to conceive.
7.4 Constraints on U(3)3
We now discuss the constraints specific to U(3)3. In U(3)3LC the sizable degree of com-
positeness of light left-handed quarks leads to additional contributions to electroweak
precision observables; in U(3)3RC FCNCs arise at the tree level. In both cases collider
bounds on the compositeness of light quarks place important constraints. Our analysis
follows and extends the analysis in [254].
7.4.1 Electroweak precision constraints specific to U(3)3
The bounds from Rb as well as the S and T parameters discussed in Section 7.2 are also
valid in U(3)3, with one modification: in U(3)3LC the contributions to the Tˆ parameter
proportional to s4Lt have to be multiplied by 3 since all three generations of left-handed
up-type quarks contribute. The corresponding bounds remain nevertheless relatively mild.
In addition, an important constraint arises from the partial width of the Z into hadrons
normalized to the partial width into leptons, which was measured precisely at LEP
Rexph = 20.767(25) , R
SM
h = 20.740(17) , (7.57)
showing a 1.1σ tension with the best-fit SM prediction [40].
In U(3)3LC the modified left-handed Z couplings of up and down quarks are equal to
the ones of the t and b respectively, while the same is true in U(3)3RC for the right-handed
modified couplings. Analogously to the discussion in Section 7.2.2, one can write the
modified Z coupling of the top as
g
cw
t¯γµ
[
(1
2
− 2
3
s2w + δg
L
Ztt)PL + (−23s2w + δgRZtt)PR
]
tZµ , (7.58)
and one has
δgLZtt =
v2Y 2U
2m2U
xtyt
YU
a+
g2ρv
2
4m2ρ
xtyt
YU
b , δgRZtt =
v2Y 2U
2m2U
yt
xtYU
c+
g2ρv
2
4m2ρ
yt
xtYU
d , (7.59)
with
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doublet triplet bidoublet
a −1/2 −1 −1/2
b −1/2 −1 −1
doublet triplet bidoublet
c 1/2 0 0
d 1/2 0 0
Since the right-handed Z coupling to b and t receives no contribution in the bidoublet
model, there is no additional bound from Rh in U(3)
3
RC. In U(3)
3
LCwe find the numerical
bounds shown in Table 7.4.
In U(3)3LC an additional bound arises from violations of quark-lepton universality.
Writing the W couplings as
g√
2
(1 + δgLW )u¯ Vuiγ
µPLdiW
+
µ , (7.60)
we find
δgLW =
Y 2Uv
2
2m2U
xtyt
YU
au +
Y 2Dv
2
2m2D
xtyt
YU
ad +
g2ρv
2
4m2ρ
xtyt
YU
b , (7.61)
with
doublet triplet bidoublet
au −1/2 −1/2 −1/2
ad −1/2 −1/2 −1/(2z2)
b −1 −1 −1
The usual experimental constraint on the strength of the Wu¯di couplings, normalized to
the leptonic ones, is expressed by (1 + δgLW )
2
∑
i |Vui|2− 1 = (−1± 6)× 10−4, which, from
the unitarity of the Vij matrix, becomes 2δg
L
W = (−1 ± 6) × 10−4. By requiring it to be
fulfilled within 2σ, we find the numerical bounds in Table 7.4.
Finally we note that, in contrast to the anarchic case, there are no flavour-changing Z
couplings neither in U(3)3LC nor in U(3)
3
RC. In the former case this is a general property
of chirality-conserving bilinears, while in the latter it is a consequence of the fact that
only the down-type mixings λLd affect the Z vertex, which thus becomes flavour-diagonal
in the mass basis.
7.4.2 Tree-level ∆F = 2 FCNCs
While in U(3)3LC there are no tree-level FCNCs at all [254], minimally flavour violating
tree-level FCNCs are generated in U(3)3RC [2, 264]. This can be shown as follows. Before
going to the physical basis, the relevant interactions with the composite resonances have
the form in U(3)3RC
ρµ(q¯LsˆLuγµsˆ
†
LuqL) (7.62)
and in U(3)3LC
ρµ(q¯LsLuγµs
∗
LuqL). (7.63)
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
Rh 7.2
√
xtY 6.0
√
xtY 4.9
√
xtYU
VCKM 7.4
√
xtY 7.4
√
xtY 6.0
√
xtYU
pp→ jj ang. dist. 3.4 xt 4.2 xt 4.2 xt
Table 7.4: Lower bounds on the fermion resonance mass mψ in TeV in U(3)
3
LC.
In U(3)3RC the physical bases for up and down quarks are reached by proper 3× 3 unitary
transformations that diagonalize sˆLu and sˆLd
UuL sˆLuU
u†
R = sˆ
diag
Lu U
d
LsˆLdU
d†
R = sˆ
diag
Ld , (7.64)
so that the CKM matrix is V = UuLU
d†
L . In the same physical basis the interaction (7.62)
in the down sector becomes
ρµ(d¯LV
†sˆdiagLu γµ(sˆ
diag
Lu )
∗V dL) ≈ ρµs2Ltξij(d¯LiγµdLj), ξij = V ∗tiVtj . (7.65)
Note that the ratio of the third to the second entry in sˆdiagLu equals yt/yc. On the other
hand a similar procedure for U(3)3LC leaves (7.63) unaltered since sLu is proportional to
the identity matrix.
The Wilson coefficients of ∆F = 2 operators are given by (7.48), with the coefficients
cqABD listed in Appendix B and the couplings
gijLd = ξij
xtyt
YU
, gijRd ≈ 0 . (7.66)
We obtain the bounds shown in Table 7.5. The bound from D-D¯ mixing turns out to be
numerically irrelevant.
We stress that, in contrast to the anarchic case, there is no O(1) uncertainty in these
bounds since the composite Yukawas are proportional to the identity. Furthermore, since
the model is minimally flavour violating, there is no contribution to the meson mixing
phases and the new physics effects in the K, Bd and Bs systems are prefectly correlated.
7.4.3 Loop-induced chirality-breaking effects
Flavour-changing chirality-breaking effects in U(3)3 occur when elementary-composite
mixings are included inside the loops. At least for moderate mixings, the bounds are of
the form mψ > (0.5–1.5)
√
Y/xt TeV in the U(3)
3
LC case, or mψ > (0.5–1.5)
√
Y xt TeV
in the U(3)3RC case. The stronger bounds from quark EDMs, similar to the ones of the
anarchic case, disappear if the strong sector conserves CP. This is automatically realized,
in our effective Lagrangian description, if the “wrong chirality” Yukawas vanish or are
aligned in phase with the Y ’s. On the contrary, in the anarchic case this condition is in
general not sufficient to avoid large EDMs.
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Observable Bounds on mψ [TeV]
K(Q
LL
V ) 3.7 xt
Bd-B¯d 3.2 xt
Bs-B¯s 3.6 xt
pp→ jj ang. dist. 3.0/xt
Table 7.5: Lower bounds on the fermion resonance mass mψ in TeV in U(3)
3
RC (bidoublet
model).
7.4.4 Compositeness constraints
Since one chirality of first-generation quarks has a sizable degree of compositeness in the
U(3)3 models, a significant constraint arises from the angular distribution of dijet events
at LHC, which is modified by local four-quark operators obtained after integrating out the
heavy vector resonances related to the global SU(3)c×SU(2)L×SU(2)R×U(1)X as well
as the flavour symmetry in the strong sector, U(3) in the case of U(3)3LC and U(3)×U(3)
in the case of U(3)3RC.
In general, there are ten four-quark operators relevant in the dijet angular distribution
[265]. Following the discussion in Appendix B, the relevant operators in U(3)3LC are O(1,8)qq .
Their Wilson coefficients read
C(1)qq = −
a
36
g2ρ
m2ρ
(
xtyt
YU
)2
, C(8)qq = −
g2ρ
m2ρ
(
xtyt
YU
)2
, (7.67)
where a = 5 in the doublet model and a = 17 in the triplet and bidoublet models. Using
the updated version of [265], we obtain the bound in the last row of Table 7.4. In U(3)3RC
the operators with right-handed quarks are relevant, i.e. O(1)uu,dd,ud and O(8)ud . Numerically,
we find the bound on O(1)uu to give the most significant constraint on the model parameters.
Its Wilson coefficient reads
C(1)uu = −
5
9
g2ρ
m2ρ
(
yt
xtYU
)2
. (7.68)
and the resulting numerical constraint is shown in the last row of Table 7.5.
7.4.5 Direct bounds on vector resonances
As discussed in Section 7.3.4, direct bounds on mρ are obtained from searches for peaks in
the invariant mass of dijets at LHC. In U(3)3 the production cross sections can be larger
than in the anarchic case due to the sizable degree of compositeness of first-generation
quarks. Neglecting the contribution due to mixing of the vector resonances with the gauge
bosons, the production cross section of a gluon resonance reads (see Appendix B)
σ(pp→ G∗) = 2pi
9s
g2ρ
[
s4L,RuLuu¯(s,m2ρ) + s4L,RdLdd¯(s,m2ρ)
]
, (7.69)
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where the L is valid in U(3)3LC and the R in U(3)
3
RC. In U(3)
3
LC the branching ratio to
two jets reads approximately
BR(G∗ → jj) = 2s
4
Lu + 3s
4
Ld + s
4
Rb
3s4Lu + s
4
Rt + 3s
4
Ld + s
4
Rb
, (7.70)
and is typically larger than in the anarchic case. Similarly, in U(3)3RC one has
BR(G∗ → jj) = 2s
4
Ru + s
4
Lb + 3s
4
Rd
s4Lt + 3s
4
Ru + s
4
Lb + 3s
4
Rd
. (7.71)
To judge if the most recent experimental bounds by ATLAS [262] and CMS [263] have
already started to probe the U(3)3 parameter space, we evaluate the cross section for
maximal mixing, i.e. xt = Y/yt in U(3)
3
LC and xt = yt/Y in U(3)
3
RC, for a 3 TeV gluon
resonance, i.e. only marginally heavier than allowed by the S parameter (cf. Table 7.2).
For U(3)3LC we obtain
σ(pp→ G∗) ≈ 13g2ρ fb , BR(G∗ → jj) ≈ 58% (83%) for Y = 1 (4pi) , (7.72)
and for U(3)3RC
σ(pp→ G∗) ≈ 30g2ρ fb , BR(G∗ → jj) ≈ 69% (67%) for Y = 1 (4pi) . (7.73)
This is to be compared to the ATLAS bound σ×BR×A < 7 fb, where A is the acceptance.
We conclude that, assuming an acceptance of the order of 60% [262], maximal mixing is
on the border of exclusion in U(3)3LC and already excluded in U(3)
3
RC for a 3 TeV gluon
resonance. We note however that maximal mixing is already disfavoured by the indirect
bounds discussed above.
7.4.6 Partial summary on U(3)3
As apparent from Tables 7.4 and 7.5, a fermion resonance at about 1 TeV is disfavoured.
In U(3)3LC the crucial constrains come from the EWPT due to the large mixing of the first
generations quarks in their left component. Note that xtY cannot go below yt ∼ 1. In
U(3)3RC there is a clash between the tree-level ∆F = 2 FCNC effects, which decrease with
xt, and the bound from the pp → jj angular distributions due to the composite nature
of the light quarks in their right component, which goes like 1/xt. We stress again that
these conclusions are more robust than in the anarchic case, since there is no uncertainty
related to the composite Yukawas, which are flavour universal in the U(3)3 case.
7.5 Constraints on U(2)3
In U(2)3LC and U(2)
3
RC the first and second generation elementary-composite mixings are
expected to be significantly smaller than the third generation ones, so the collider phe-
nomenology is virtually identical to the anarchic case. The same is true for the electroweak
precision constraints, although if to a lesser extent, and the most serious problems plagu-
ing the U(3)3 models are absent. The most important difference concerns the flavour
constraints.
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7.5.1 Tree-level ∆F = 2 FCNCs
Equations (7.62, 7.63) remain formally true in U(2)3 as well, with the following qualifi-
cations. YU , sRu, sLu are no longer proportional to the identity but are still diagonal with
only the first two entries equal to each other. At the same time minimal breaking of U(2)3
leads to a special form of the matrices sˆLu, sˆRu that allows to diagonalize approximately
the Yukawa couplings by pure left unitary transformations of the form (7.29).
In U(2)3RC these transformations lead to exactly the same equation as (7.65), whereas
in the U(2)3LC case equation (7.63) in the down sector goes into
ρµ(d¯LUdsLuγµs
∗
LuU
†
ddL) ≈ ρµs2Ltχij(d¯LiγµdLj), χij = Udi3Ud∗j3 , (7.74)
Remember that, contrary to the U(3)3RC case, sLu, although still diagonal, is not propor-
tional to the unit matrix. Hence a flavour violation survives with
rb =
sb
s
ei(χ−φb) . (7.75)
In the bidoublet model, in addition to (7.74) there are also the terms coming from the
mixing with the Q¯dγµQ
d current, which are suppressed as 1/z2. In the up-quark sector
with right-compositeness only this suppressed contribution from Qd gives rise to flavour
violation, while in left-compositeness the analog of (7.74) holds, with Ud replaced by Uu.
The Wilson coefficients of ∆F = 2 operators generated in U(2)3LC and U(2)
3
RC are
again given by (7.48). The flavour-changing couplings in U(2)3LC read
gi3Ld = ξi3 rb
xtyt
YU
, g12Ld = ξ12 |rb|2
xtyt
YU
, gijRd ≈ 0 . (7.76)
As a consequence of the presence of rb there is a new, universal phase in Bd and Bs mixing,
while the K-K¯ amplitude is aligned in phase with the SM. We find the bounds in Table 7.6.
If the parameter |rb| is somewhat less than 1, these bounds can be in agreement with
experiment even for light fermion resonances. We note that the contribution to the ∆C =
2 operator is proportional to |1− rb|2, so it cannot be reduced simultaneously. However,
it turns out that it is numerically insignificant. Since furthermore the contribution is
real – a general prediction of the U(2)3 symmetry for 1 ↔ 2 transitions – the expected
improvement of the bound on CP violation in D-D¯ mixing will have no impact.
In U(2)3RC the flavour-changing couplings are the same as in U(3)
3
RC,
gi3Ld = ξi3
xtyt
YU
, g12Ld = ξ12
xtyt
YU
, gijRd ≈ 0 . (7.77)
Thus, as in U(3)3RC, there is no new phase in meson-antimeson mixing and the NP effects
in the K, Bd and Bs systems are perfectly correlated. The resulting bounds are shown in
Table 7.7.
7.5.2 Loop-induced chirality-breaking effects
One expects in general flavour-changing chirality-breaking effects in U(2)3 with bounds
on the fermion resonances similar to the one of the anarchic case, mψ > (0.5–1.5)Y TeV.
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
K(Q
LL
V ) 2.3 xt|rb|2 3.3 xt|rb|2 3.3 xt|rb|2
Bd-B¯d 2.3 xt|rb| 3.4 xt|rb| 3.4 xt|rb|
Bs-B¯s 2.3 xt|rb| 3.4 xt|rb| 3.4 xt|rb|
KL → µµ 3.8
√
xtY |rb| 3.8 YD|rb|
√
xt/YU/z
b→ s`` 3.5 √xtY |rb| 3.5 YD√xt|rb|/YU/z
Table 7.6: Lower bounds on the fermion resonance mass mψ in TeV in U(2)
3
LC.
Observable Bounds on mψ [TeV]
K(Q
LL
V ) 3.3 xt
Bd-B¯d 2.8 xt
Bs-B¯s 3.1 xt
Table 7.7: Lower bounds on the fermion resonance mass mψ in TeV in U(2)
3
RC (bidoublet
model).
With CP conservation in the strong sector, however, the contributions to the quarks
EDMs would arise only at higher orders in the U(2)3 breaking terms, so that they would
not be significant for the current limit on the neutron EDM.
7.5.3 Flavour-changing Z couplings
In U(2)3RC flavour-changing Z couplings are absent at tree level. In U(2)
3
LC the left-handed
couplings do arise, while the right-handed couplings are strongly suppressed. Similarly to
the anarchic case, one can write them as
δgLZbdi ∼ ξi3 rb δgLZbb , δgLZsd ∼ ξ12 |rb|2 δgLZbb . (7.78)
One obtains the bounds in the last two lines of Table 7.6, which are weaker than the
analogous bounds from Rb unless |rb| > 1. An important difference with respect to the
anarchic case is the absence of sizable flavour-changing right-handed Z couplings, which
can be probed e.g. in certain angular observables in B → K∗µ+µ− decays [183].
7.5.4 Electroweak precision constraints
Note that in U(2)3LC, for YU2 ∼ YD2 ∼ O(1) and du, dd . O(1), the expressions (7.30) for
st, sb lead to two possibilities:
1. st  sb, i.e. |rb| ≈ 1;
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
Rh 7.2 sL2Y2 6.8 sL2Y2 5.6 sLu2YU2
VCKM 8.4 sL2Y2 6.8 sL2Y2 6.8 sLu2YU2
pp→ jj ang. dist. 4.3 s2L2Y2 5.3 s2L2Y2 5.3 s2Lu2YU2
Table 7.8: Lower bounds on the fermion resonance mass mψ in TeV in U(2)
3
LC from left-
handed 1st and 2nd generation quarks mixed with the composite resonances by an angle
sLu2.
2. st ∼ sb ∼ |Vcb|, which allows |rb| to deviate from 1 but requires at the same time
sLu2L ∼ |Vcb|.
In the first case one would have mψ & 1–1.5 TeV from the flavour bounds of Table 7.6,
while in the second case one can obtain a minimal value of mψ ' 0.6 TeV, for |rb| ∼ 0.25
and Y ∼ 1. However, to avoid a too large U(2)3-breaking – i.e. a large L – the mixing
angle of the first generations quarks sLu2 cannot be too small. This in turn has to be
confronted with the lower bounds on mψ from Rh, VCKM and the dijet angular distribution
shown in Table 7.8: to make them consistent with mψ ' 0.6 TeV, it must be L & 0.3.
Note anyhow that we are not treating L as an expansion parameter.
7.5.5 Partial summary on U(2)3
Two important differences distinguish the U(2)3 case from the U(3)3 one: i) both for the
bidoublet (at large enough z) and for the triplet models, the bounds from the EWPT
or from compositeness become irrelevant; ii) a single complex parameter correlates the
various observables, rb in the U(2)
3
LC case. As apparent from Table 7.6, values of xt and
rb somewhat smaller than one can reduce the bounds on the fermion resonance mass at
or even below the 1 TeV level. This is also formally possible in U(2)3RC, where rb = 1, but
requires xt . 0.3, i.e. Y & 3, not consistent with mψ = Y f and f & 0.5 TeV.
7.6 LFV in composite Higgs models and the g − 2 of
the muon
To make a composite Higgs model fully realistic one must extend the discussion of Sec-
tion 7.1 to the lepton sector as well. A rather unique way in which this can be done closely
mimics the case of the quarks. In the strong sector composite vector-like leptons, L, E
and N , are assumed to exist with the same quantum numbers of the elementary lL, eR, νR
as well as Yukawa couplings and mass terms in analogy with (7.2)7. Similarly there will be
7Although we do not think it to be phenomenologically necessary, to maximize the quark-lepton
symmetry in the bidoublet model one could consider two SU(2)L-doublets, L
e and Lν .
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mass mixing terms between the composite and the elementary fermions. The only asym-
metry with the quark sector is in the presence of a mass matrix for the elementary νR,
with elements much larger than any other scale. As a consequence the neutrino spectrum,
per generation, consists of one light neutrino, which can be arranged to have standard
left-handed weak interaction to a sufficient level of accuracy, two quasi-Dirac neutrinos at
the typical compositeness scale and one superheavy almost pure right-handed neutrino.
Following the discussion of Section 3.5 we assume that the right-handed neutrino mixing
matrix, N¯LmˆννR, and the Majorana mass matrix of the right-handed neutrinos have a
flavour structure such that the mass matrix of the light neutrinos gives rise to the large
mixing angles of the leptonic charge current.
What about the flavour properties of the light charged leptons to all orders in the
strong interactions? Let us consider first the case in which the strong sector conserves a
diagonal leptonic U(3)L symmetry. As mixing terms we can consider:
LR-compmix = mEE¯LeR + l¯LmˆeLR (7.79)
or
LL-compmix = mE l¯LLR + E¯LmˆeeR, (7.80)
with mˆe transforming as (3, 3¯) under U(3)l×U(3)L+e or U(3)L+l×U(3)e respectively. As
anticipated, in either case there is no leptonic flavour changing phenomenon at the Fermi
scale other than the standard mixing in the leptonic charged-current interaction. This is
because mˆe can be set to diagonal form and mˆν has no effect at the Fermi scale
8. The
discussion of lepton flavour violation in the case of a U(2) symmetry proceeds along similar
lines as in the quark case. The strong interaction Lagrangian respects a (U(2) × U(1))L
symmetry whereas the mixing Lagrangians are:
LR-compmix (U(2)) ≈ mE(Ae T¯LτR+Be E¯LeR)+m˜E(ae l¯3LL3R+be (l¯LVe)L3R+ce l¯L∆YeLR)+h.c.
(7.81)
or
LL-compmix (U(2)) ≈ mE(Ae l¯3LL3R+Be l¯LLR)+m˜E(ae T¯LτR+be (E¯LVe)τR+ce E¯L∆YeeR)+h.c.
(7.82)
Both in the case of Left- and of Right-compositeness there are flavour violating, chirality
conserving transitions, whereas a difference exists for chirality breaking transitions, as in
the quark case. This means that the leading order operators, τ → µ, e+γ as in (3.73), are
present only in the Left-compositeness case, with an amplitude proportional to mτ . On
the contrary, as a subleading phenomenon in the expansion in ∆Ye and Ve, the µ→ e+γ
operator as in (3.74) exists both in Left- and Right-compositeness.
As an aside remark we note that a magnetic moment operator of the composite charged
leptons
λLv√
2M2
(L¯σµνE)eFµν (7.83)
8For a recent comparison of the anarchic and flavour-symmetric scenarios for leptons in CHMs see [266].
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gives rise, after mass mixing, to a magnetic moment operator for the standard charged
leptons
1
M2
(l¯iσµνmiei)eFµν , i = e, µ, (7.84)
where M is a typical compositeness scale and mi are the masses of the standard charged
leptons. In turn this corrects the g − 2 anomalies by an extra contribution:
∆ai ≡ ∆(g − 2)i
2
=
4m2i
M2
. (7.85)
This could explain the putative discrepancy between theory and experiment of the muon
anomaly, ∆aµ ≈ 3 · 10−9 [267], with a mass M ≈ 4 TeV, while being consistent with the
current information on the electron (g − 2). Notice that M includes a loop suppression
factor, so that the actual mass of the composite lepton necessary to generate ∆aµ is
parametrically lower than M by a factor ∼ g2ψ/16pi2. The exact correlation between
the electron and the muon anomalies is a consequence of a U(3)L or a (U(2) × U(1))L
symmetries of the strong interaction Lagrangian.
7.7 Summary and partial conclusions
One way to implement a natural Fermi scale is to make the Higgs particle, one or more, a
pseudo-Goldstone boson of a new strong interaction in the few TeV range. A meaningful
question is if and how a Higgs boson of 125 GeV mass fits into this picture, which requires
spin-1
2
resonances, partners of the top, with a semi-perturbative coupling to the strong
sector and a mass not exceeding about 1 TeV.
Not the least difficulty in addressing this question is the variety of possible specific
implementations of the Higgs-as-pseudo-Goldstone-boson picture, especially with regard
to the different representations of the spin-1
2
resonances and the various ways to describe
flavour. A further problem is represented by the limited calculability of key observables
in potentially complete models, due to their strongly interacting nature.
To circumvent these difficulties, we have adopted some simple partial-compositeness
Lagrangians and assumed that they catch the basic phenomenological properties of the
theories under consideration. This allows us to consider a grid of various possibilities,
represented, although at the risk of being too simplistic, in Table 7.9, which tries to
summarize all in one go the content of the more detailed tables 7.2 to 7.7 discussed
throughout the paper, taking into account all constraints from flavour and EWPT. For
any given case, this table estimates a lowest possible value for the mass of the composite
fermions that mix with the elementary ones and which are heavier than the “custodians”
by a factor of
√
1 + (λX)2. In the case of anarchy we are neglecting the constraint coming
from K (first line of Table 7.3, particularly problematic for the bidoublet model, maybe
accidentally suppressed) and the various O(1) factors that plague most of the other flavour
observables in Table 7.3. In every case we also neglect the constraint coming from one-
loop chirality-breaking operators, relevant to direct CP violation both in the K and in
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doublet triplet bidoublet
ª 4.9 1.7 1.2∗
U(3)3LC 6.5 6.5 5.3
U(3)3RC - - 3.3
U(2)3LC 4.9 0.6 0.6
U(2)3RC - - 1.1∗
Table 7.9: Minimal fermion resonance mass mψ in TeV compatible with all the bounds
(except for the QLRS contribution to K in the anarchic model), fixing O(1) parameters in
anarchy to 1 and assuming the parameter |rb| in U(2)3LC to be ∼ 0.2. The bounds with a
∗ are obtained for a value of Y ≈ 2.5, that minimizes the flavour and EWPT constraints
consistently with mψ = Y f and f & 0.5 TeV.
ª U(3)3LC U(3)
3
RC U(2)
3
LC U(2)
3
RC
K , ∆Md,s F ◦ F F F
∆Ms/∆Md F ◦ ◦ ◦ ◦
φd,s F ◦ ◦ F ◦
φs − φd F ◦ ◦ ◦ ◦
C10 F ◦ ◦ F ◦
C ′10 F ◦ ◦ ◦ ◦
pp→ jj ◦ F F ◦ ◦
pp→ q′q′ F ◦ ◦ F F
Table 7.10: Observables where NP effects could show up with realistic experimental
and/or lattice improvements in the most favourable cases.
the D systems, as well as to the quark electric dipole moments. This is a subject that
deserves further detailed study.
We also note that measurements of Higgs boson properties, which have not been con-
sidered here, amount to lower bounds on the decay constant f in the case of PNGB Higgs
models, and are currently probing values of 500–700 GeV. Once these bounds improve,
Tables 7.2 to 7.7 allow a straightforward qualitative understanding of their impact on
flavour and electroweak observables. Since our predictions are based on a simple partial
compositeness Lagrangian, they are in fact independent of the details of the Higgs sector
and can even be applied to other theories, like 4D duals of Randall-Sundrum models.
The general message that emerges from Table 7.9, taken at face value, is pretty clear.
To accommodate top partners at or below 1 TeV is often not possible and requires a
judicious choice of the underlying model: an approximate U(2)3 flavour symmetry ap-
pears favorite, if not necessary. Note that the bounds with a ∗ (bidoublet model with
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anarchic or U(2)3RC flavour structure) are obtained for a value of Y ≈ 2.5, that mini-
mizes the flavour and EWPT constraints consistently with mψ = Y f and f & 0.5 TeV.
There are two simple reasons for the emergence of U(2)3: i) in common with U(3)3, the
suppression of flavour changing effects in four-fermion operators with both left- and right-
handed currents, present in the anarchic case; ii) contrary to U(3)3 but as in anarchy, the
disentanglement of the properties (their degree of compositeness) of the first and third
generation of quarks.
The source of the constraint that plays the dominant role in the various cases is diverse.
Sometimes more than one observable gives comparable constraints. This is reflected in
Table 7.10, which summarizes where possible new physics effects could show up9(for some
observables with more experimental data, for others if lattice parameters and/or other
theoretical inputs are improved). We keep in this table every possible case even though
some of them, according to Table 7.9, would have to live with a fine tuned Higgs boson
squared mass and, as such, appear less motivated.
The attempt to include many different possibilities, though motivated, is also a limit of
the analysis presented in this work. A next step might consist in selecting a few emerging
cases to analyze them in more detail, perhaps going beyond the partial-compositeness
effective description. For this we think that Table 7.9 offers a useful criterion. It is in
any event important and a priori non trivial that some models with a suitable structure
emerge that look capable of accommodating a 125 GeV Higgs boson without too much
fine tuning, i.e. with top partners in an interesting mass range for discovery at the LHC.
9The observables are, from top to bottom: the direct CP violating parameter in K-K¯ mixing and the
Bd and Bs mass differences (as well as their ratio), the mixing phases φd, φs in the Bd and Bs systems
(as well as their difference), the Wilson coefficient of the axial vector semi-leptonic operator relevant for
b → s`+`− transitions C10 and its chirality-flipped counterpart C ′10, the angular distribution of dijet
events at LHC as discussed above and the direct production of fermion resonances at LHC.
Conclusion
The idea that the hierarchy problem of the Fermi scale is solved in a natural way is
currently under challenge. Both direct and indirect experimental searches for such a
kind of new physics have so far given negative results. At the same time, the reach
of these searches will be soon extended by the next generation of experiments. This
situation motivates a careful study both of the compatibility of natural theories with
current bounds, and of the signals where these theories are more likely to show up in the
near future. I have contributed to pursue this program with the work presented in this
thesis. I have done so from a general point of view as well as in the specific contexts of
Supersymmetry and composite Higgs models. Below a general summary of such a work
is given, for more specific considerations see the concluding sections of Chapters 3, 5, 6
and 7.
After a critical discussion of the hierarchy problem in Chapter 1, in the first part
of the thesis we have concentrated our attention on flavour physics. In Chapter 2 we
have presented the CKM picture in some detail. In particular we have discussed the
logical steps that establish it as the dominant source of the observed flavour and CP
violation. Then in Chapter 3 we have considered the approximate U(2)3 flavour symmetry
of the quark sector to be a more fundamental symmetry of Nature, and explored the
phenomenological consequences of this assumption from an effective field theory point of
view. One can identify a minimal set of breaking parameters appearing in the Yukawa
matrices, and assign them fictitious transformation properties under U(2)3, in such a way
that the Lagrangian be invariant under the flavour symmetry. The framework is then
defined by assuming that any new source of flavour violation is controlled by their size,
which is in turn fixed by the form of the CKM matrix. The outcome is that a generic
new physics at the scale of a TeV is compatible with all current experimental bounds, and
that a rich phenomenology is potentially behind the corner. In particular, the processes
that deserve more attention are CP violating B decays, where d and s final states are
expected to be correlated as in the SM, and where new phases coming from B meson
mixing could potentially appear, e.g. with deviations in βs. Contrary to the SM and
to Minimal Flavour Violation, in general these processes will not be correlated with the
corresponding flavour violating K decays. Other observables deserving attention are |Vub|
and the CKM angle γCKM, a more precise determination of them could provide a crucial
test of this framework. These conclusions stay true if all the possible U(2)3 breaking
terms in the Yukawa matrices are taken into account. Contrary to the previous case
(Minimal U(2)3), in this one (Generic U(2)3) the size of the extra breaking parameters is
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not determined a priori, but bounded by various experimental observations. We have also
tried an extension of this framework with a U(2)2 acting on the charged lepton sector,
finding that it yields to lepton flavour violation at a level compatible, again, with new
physics at the TeV scale. The U(2)3 framework is also appealing from the point of view
of natural theories, since it allows to split the NP associated with the third generation
of quarks from the one associated with the first two. This statement has been made
more explicit in some of the following Chapters of the thesis, with the discussion of its
realization in specific models.
The second part of the thesis has dealt with Supersymmetry. We have briefly intro-
duced it in Chapter 4, focusing on the SUSY flavour and CP problems and on Super-
symmetry as a solution to the hierarchy problem. In this respect we have presented the
NMSSM as a most natural scenario. Then, in Chapter 5, we have discussed the embedding
of the Minimal U(2)3 framework within SUSY. This framework naturally allows to take
sfermions of the first two generations to be heavier than the third generation ones. In this
way the supersymmetric solution to the hierarchy problem is not spoiled by direct collider
constraints, and a dynamical suppression of EDMs is obtained. We have then recalled the
features of ∆F = 2 amplitudes. As in the EFT case, a new phase appears in Bd and in Bs
mixings, which are correlated. In addition, the requirement to solve the K–SψK tension
in the CKM unitarity fit results in an upper bound on the sbottom and gluino masses, of
roughly 1.5 TeV. The main body of the Chapter is constituted by a study of the ∆B = 1
amplitudes. Compatibly with all existing bounds, we have found potentially sizeable CP
violating contributions even in the absence of flavour blind phases, as opposite to the
MFV case. Peculiar correlations among these observables emerge, that could provide a
ground to test this model in case some new signal is observed. After flavour, in Chapter 6
we have concentrated on the supersymmetric CP-even scalars. Despite perhaps for the
LSP, they could well constitute the lightest new particles around. In a generic NMSSM
we have derived analytical relations among the mixing angles of the three scalar states
and the other physical parameters. We have then studied the impact of the measure-
ments –current and foreseen– of the Higgs signal strengths on the above parameter space.
Electroweak precision tests turn out no to significantly affect the regions of interest. In
these same regions, we have studied the phenomenology of the Higgs bosons, identifying
a possible strategy for their search at the LHC. All the above analyisis is carried out with
some motivated simplifying assumption on the CP-even scalars spectrum, specifically we
decouple one of the three Higgs states at a time. This allows to retain an analytical
control over the whole picture, in terms of a small number of parameters. If the singlet-
like state is decoupled, the parameter space will be likely explored by the future Higgs
coupling measurements. On the contrary, when the doublet-like state is decoupled, such
measurements will have a much weaker impact on the parameter space. In any case, we
have always controlled the effect of lowering the mass of the third scalar, via the explicit
relations we derived. In case some new signal is observed, an analysis including all the
three states will be needed, as we have shown with the example of a γγ signal of a lighter
singlet-like scalar.
Finally the third part of the thesis, consisting of Chapter 7, has been dedicated to
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composite Higgs models with partial compositeness. The aim has been to determine to
which level fermion resonances below roughly a TeV and a semiperturbative coupling, as
required to yield naturally the observed Higgs mass, are compatible with the many indi-
rect constraints. To do so, we have considered one level of resonances, for which we have
written explicit Lagrangians in the cases of three possible motivated representations of
the composite spin-1/2 states. For simplicity we have assumed all the fermion resonances
to possess the same mass before EWSB. Three possibilities for the flavour structure of
the strong sector have also been taken into account: anarchic, U(2)3-symmetric, and
U(3)3-symmetric. In the rest of the Chapter we have coherently analyzed indirect exper-
imental constraints on each of the above combinations. An anarchic flavour structure is
unlikely to be compatible with fermions lighter than 1 ÷ 1.5 TeV, irrespectively of their
representation. This is mainly caused by flavour constraints, and does not even take
into account the much more severe bound coming from K , which might be accidentally
suppressed. In the case of a U(3)3-symmetric strong sector, where flavour bounds are
substantially alleviated, the most important constraints are due to the sizeable degree
of compositeness of light quarks (either left- or right-handed ones). In particular, new
contributions to electroweak precision observables and to dijet angular distributions make
composite fermion lighter than about 3 TeV hard to conceive within this structure. An
U(2)3 flavour structure possesses the virtues of both the previous ones: the suppression
of flavour violating processes is accompained by the possibility to chose a low degree of
compositeness for the quarks of the first two generations. Indeed this has turned out to
be the only case where resonances lighter than a TeV can be accomodated, at least for
two out of the three fermion representations examinated. The above analysis has also
allowed to determine the observables where each model will be more likely to show up,
with realistic experimental and/or lattice improvements.
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Appendix A
Quark bilinears and effective
operators in U(2)3
Diagonalization of the quark masses
The effective operators of (3.11) are constructed from the most generic quark bilinears
which contain the spurions and are formally invariant under U(2)3.
To a sufficient approximation, the chirality conserving bilinears take the form
q¯Liγ
µ(XαL)ijqLj = a
α
Lq¯3Lγ
µq3L + b
α
Lq¯Lγ
µqL + c
α
Lq¯3Lγ
µV †qL
+ dαL(q¯LV )γ
µ(V †qL) + h.c., (A.1)
u¯Riγ
µ(XαuR)ijuRj = a
α
uRt¯Rγ
µtR + b
α
uRu¯Rγ
µuR + c
α
uRt¯Rγ
µVu
†uR
+ dαuR(u¯RVu)γ
µ(Vu
†uR) + h.c., (A.2)
where an analogous expression holds for the right-handed down quarks, we denote by
uppercase letters the light generation doublets qL,uR,dR, and all the parameters except
the c’s are real by hermiticity. These bilinears give rise to the four-fermion operators
∆L4fL,R, to ∆L4fLR, as well as to the kinetic terms.
Analogously, the chirality breaking bilinears are, to lowest order in the spurions,
q¯Li(M
β
u )ijuRj = λt
(
aβuq¯3LtR + b
β
u(q¯LV )tR + c
β
uq¯L∆YuuR + d
β
uq¯3L(Vu
†uR)
+ eβu(q¯LV )(Vu
†uR)
)
+ h.c. , (A.3)
with an analogous expression for the down-quark sector and where all the parameters
are complex. They generate the interaction terms ∆Lmag, ∆L4fLR, as well as the Yukawa
couplings Yu, Yd.
Consider now the basis where the spurions take the form (3.5), (3.6). Moreover, notice
that all the parameters in the kinetic and Yukawa terms, except one, can be made real
through rephasings of the fields. With these redefinitions, the previous operators can be
written in the form
XkinLu = AuL1+BuLL
u
23IL32(Lu23)T , X int,αLu = AαuL1+BαuLUu,α23 IL32(Uu,α23 )†, (A.4)
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XkinRu = AuR1+BuR(R
u
23)
TIRu32 Ru23, X int,αRu = AαuR1+BαuR(Uu,α23 )†IRu32 Uu,α23 , (A.5)
plus analogous expressions for the down sector, where II32 = diag(0, O(2I), 1), the A’s and
B’s are real functions of the parameters of (A.1), (A.2);
Yu = λt(L
u
23I3Ru23 + Lu12∆Y˜ diagu V u12), Mβu = λt(aβuUu,β23 I3V u,β23 + dβuLu12∆Y˜ diagu V u12), (A.6)
Yd = λb(U
d
23I3Rd23 + Ud12∆Y˜ diagd V d12), Mβd = λb(aβdUd,β23 I3V d,β23 + dβdUd12∆Y˜ diagd V d12), (A.7)
where I3 = diag(0, 0, 1), ∆Y˜ diagu,d = diag(yu,d, yc,s, 0), and yu,d,c,s are the diagonal entries of
∆Y diagu,d . Here and in the following Uij (Vij) stand always for unitary left (right) matrices
in the (i, j) sector, while Lij (Rij) indicate orthogonal left (right) matrices. In particular,
in the notations of Section 3.1.1, Ud12 = ΦLL
d
12 and V
u,d
12 = Φ
u,d
R R
u,d
12 .
We want to derive the expressions for these operators in the physical basis where
the quark masses are diagonal, and the kinetic terms are canonical. The kinetic terms
are put in the canonical form by real rotations in the (2, 3) sector plus wavefunction
renormalizations of the fields. One can check that these transformations do not alter, to a
sufficient accuracy, the structure of the other operators, but cause only O(1) redefinitions
of the parameters.
The mass terms are diagonalized approximately by the transformation
Yu 7→ Y diagu = (Lu12)T (Lu23)TYuRu23Ru12 ≡ (Lu)TYuRu, (A.8)
Yd 7→ Y diagd = (Ud12)†(Ud23)†YdRd23V d12 ≡ (Ud)†YdV d, (A.9)
up to transformations of order Lyu,d,c,s, 
u
Ryu,c and 
d
Ryd,s. Therefore one goes to the
physical basis for the quarks by
uL 7→ LuuL, dL 7→ UddL uR 7→ RuuR dR 7→ V ddR, (A.10)
and the Cabibbo-Kobayashi-Maskawa matrix is
VCKM ' (Ru12)T (Ru23)TUd23Ud12 ≡ (Ru12)TU 23Ud12, (A.11)
where U 23 is a unitary transformation of order L.
In the physical mass basis the chirality conserving operators become
XαdL,int 7→ AαdL1+BαdL(Ud12)†Ud,α23 IL32(Ud,α23 )†Ud12, (A.12)
XαdR,int 7→ AαdR1+BαdR(V d12)†V d,α23 IRd32 (V d,α23 )†V d12, (A.13)
and the σµν-terms are
Mβd 7→ λb
(
aβd(U
d
12)
†Uβ23I3V β23V d12 + cβd∆Y˜ diagd
)
, (A.14)
plus analogous expressions for the up sector.
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List of interaction bilinears
The following results are obtained after rotation to the mass basis, and factorizing out
explicitly all the phases, CKM matrix elements and quark masses. We define ξij = V
∗
tiVtj,
and ζij = VibV
∗
jb. In chirality breaking bilinears α = γ(g) for (chromo)electric dipole
operators, while α = cb for other generic interaction bilinears. All the parameters are
real.
Up quark sector
Chirality conserving LL, RR currents:
XuL12 = cDζuc, X
uR
12 = c˜De
i(φu1−φu2 )ζuc
suR
suL
(
uR
L
)2
, (A.15)
XuL13 = cte
iφtζut, X
uR
13 = c˜te
i(φ˜t+φu1 )ζut
suR
suL
uR
L
, (A.16)
XuL23 = cte
iφtζct, X
uR
23 = c˜te
i(φ˜t+φu2 )ζct
uR
L
. (A.17)
Flavour conserving dipole operators:
Mu11 = c
α
De
i(φαD−φu1 )ζuu
suR
suL
uR
L
, Mu22 = c
α
De
i(φαD−φu2 )ζcc
uR
L
, Mu33 = ate
iαt . (A.18)
Flavour changing, chirality breaking operators:
Mu12 = c
α
De
i(φαD−φu2 )ζuc
uR
L
, Mu21 = c
α
De
i(φαD−φu1 )ζ∗uc
suR
suL
uR
L
, (A.19)
Mu13 = c
α
t e
iφαt ζut, M
u
31 = c˜
α
t e
i(φ˜αt −φu1 )ζ∗ut
suR
suL
uR
L
, (A.20)
Mu23 = c
α
t e
iφαt ζct, M
u
32 = c˜
α
t e
i(φ˜αt −φu2 )ζ∗ct
uR
L
. (A.21)
Down quark sector
Chirality conserving LL, RR currents:
XdL12 = cKξds, X
dR
12 = c˜Ke
i(φd1−φd2)ξds
sdR
sdL
(
dR
L
)2
, (A.22)
XdL13 = cBe
iφBξdb, X
dR
13 = c˜Be
i(φ˜B+φ
d
1)ξdb
sdR
sdL
dR
L
, (A.23)
XdL23 = cBe
iφBξsb, X
dR
23 = c˜Be
i(φ˜B+φ
d
2)ξsb
dR
L
. (A.24)
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Flavour conserving dipole operators:
Md11 = λb c
α
Ke
i(φαK−φd1)ξdd
sdR
sdL
dR
L
, Md22 = λb c
α
Ke
i(φαK−φd2)ξss
dR
L
, Md33 = λb abe
iαb . (A.25)
Flavour changing, chirality breaking operators:
Md12 = λb c
α
Ke
i(φαK−φd2)ξds
dR
L
, Md21 = λb c
α
Ke
i(φαK−φd1)ξ∗ds
sdR
sdL
dR
L
, (A.26)
Md13 = λb c
α
Be
iφαBξdb, M
d
31 = λb c˜
α
Be
i(φ˜αB−φd1)ξ∗db
sdR
sdL
dR
L
, (A.27)
Md23 = λb c
α
Be
iφαBξsb, M
d
32 = λb c˜
α
Be
i(φ˜αB−φd2)ξ∗sb
dR
L
. (A.28)
Appendix B
Coefficients of four fermion
operators in CHMs
Tree-level ∆F = 2 FCNCs
In a model with flavour anarchy in the strong sector, the coefficients defined in Eq. (7.48)
can be written as
cdLLV = −
1
6
− 1
2
[
X(Q)2 + T3L(Q)
2 + T3R(Q)
2
]
, (B.1)
cdRRV = −
1
6
− 1
2
[
X(D)2 + T3L(D)
2 + T3R(D)
2
]
, (B.2)
cdLRV =
1
6
− [X(Q)X(D) + T3L(Q)T3L(D) + T3R(Q)T3R(D)] , (B.3)
cdLRS = 1 , (B.4)
where the first terms come from heavy gluon exchange and the terms in brackets from
neutral heavy gauge boson exchange. Q refers to the charge −1/3 fermion mixing with q
and D to the charge −1/3 fermion mixing with dR. In the bidoublet model, we consider
only the contribution from Qu for simplicity, which is enhanced if z > 1. The numerical
coefficients relevant for the models discussed above are collected in Table B.1.
In U(3)3 there is an additional contribution from flavour gauge bosons. However the
only relevant ∆F = 2 operator is QdLLV in U(3)
3
RC, for which one obtains c
dLL
V = −29/36
instead of the value reported in the table.
In U(2)3, since all the flavour effects are generated by mixing with third generation
partners, which are not charged under any of the U(2) flavour groups, there is no relevant
additional effect coming from flavour gauge bosons, and the coefficients of Table B.1 are
valid.
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doublet triplet bidoublet
cdLLV −1136 −2336 −2336
cdRRV −1136 −89 −29
cdLRV
5
36
−7
9
7
18
cdLRS 1 1 1
Table B.1: Coefficients relevant for ∆F = 2 operators in anarchy and U(2)3.
Compositeness constraints from the dijet angular dis-
tribution
Exchanges of gauge resonances and flavour gauge bosons give rise to four-fermion oper-
ators involving only the first generation which contribute to the angular distribution of
high-mass dijets at LHC. As shown in [265], only ten operators have to be considered,
which we list here for convenience
O(1)uu = (u¯RγµuR)(u¯RγµuR) , O(1)dd = (d¯RγµdR)(d¯RγµdR) ,
O(1)ud = (u¯RγµuR)(d¯RγµdR) , O(8)ud = (u¯RγµTAuR)(d¯RγµTAdR) ,
O(1)qq = (q¯LγµqL)(q¯LγµqL) , O(8)qq = (q¯LγµTAqL)(q¯LγµTAqL) ,
O(1)qu = (q¯LγµqL)(u¯RγµuR) , O(8)qu = (q¯LγµTAqL)(u¯RγµTAuR) ,
O(1)qd = (q¯LγµqL)(d¯RγµdR) , O(8)qd = (q¯LγµTAqL)(d¯RγµTAdR) . (B.5)
The coupling of a first generation quark mass eigenstate to a heavy vector resonance
receives contributions from fermion composite-elementary mixing as well as vector boson
composite-elementary mixing. For example, the coupling of the up quark to the gluon
resonance reads
u¯γµT a
(
gρs
2
LuPL + gρs
2
RuPR +
g23
gρ
)
uG∗µ . (B.6)
Neglecting electroweak gauge couplings, one can then write the Wilson coefficients of the
above operators as
C
(1,8)
ab =
g2ρ
m2ρ
[
s2as
2
bc
(1,8)
ab +
(
g43
g4ρ
− (s2a + s2b)
g23
g2ρ
)
d
(1,8)
ab
]
, (B.7)
where (a, b) = (q, u, d) and s2u,d ≡ s2Ru,d, s2q ≡ s2L (in the bidoublet model, for simplicity we
will neglect terms with s2Ld over terms with s
2
Lu). The numerical coefficients c
(1,8)
ab depend
on the electroweak structure and on the flavour group and are collected in Table B.2
together with the d
(1,8)
ab .
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c
(1)
uu c
(1)
dd c
(1)
ud c
(8)
ud c
(1)
qq c
(8)
qq c
(1)
qu c
(8)
qu c
(1)
qd c
(8)
qd
doublet U(3)3LC −1736 −1736 −19 −1 − 536 −1 −1336 −1 −1336 −1
triplet U(3)3LC −59 −1918 −79 −1 −1736 −1 −79 −1 −79 −1
bidoublet U(3)3LC −59 − 718 −19 −1 −1736 −1 −79 −1 −19 −1
bidoublet U(3)3RC −59 − 718 29 −1 −1736 −1 −79 −1 29 −1
d
(1)
uu d
(1)
dd d
(1)
ud d
(8)
ud d
(1)
qq d
(8)
qq d
(1)
qu d
(8)
qu d
(1)
qd d
(8)
qd
all models −1
6
−1
6
0 −1 0 −1
2
0 −1 0 −1
Table B.2: Coefficients c
(1,8)
ab relevant for dijet bounds in the doublet, triplet and bidou-
blet models as well as the coefficients d
(1,8)
ab , which are independent of the flavour and
electroweak groups.
Production and decay of vector resonances
The production cross section of a gluon resonance in pp collisions reads
σ(pp→ G∗) = 2pi
9s
[
(|guL|2 + |guR|2)Luu¯(s,m2ρ) + (|gdL|2 + |gdR|2)Ldd¯(s,m2ρ)
]
, (B.8)
where
Lqq¯(s, sˆ) =
∫ 1
sˆ/s
dx
x
fq(x, µ)fq¯
(
sˆ
xs
, µ
)
(B.9)
is the parton-parton luminosity function at partonic (hadronic) center of mass energy√
sˆ (
√
s) and the couplings gu,dL,R are defined as L ⊃ u¯LγµT aguLuLG∗µ and can be read off
Eq. B.6. Again, there is a contribution due to fermion mixing, which is only relevant in
U(3)3 models due to the potentially sizable compositeness of the first generation, while
the contribution due to vector mixing is always present. The total width reads
Γ(G∗ → qq¯) =
∑
q=u,d
3∑
i=1
mρ
48pi
(
|gqiL |2 + |gq
i
R |2
)
(B.10)
while the branching ratio to dijets is simply the width without the top contribution divided
by the total width1.
1Neglecting the top quark mass in the kinematics, which is a good approximation for multi-TeV
resonances still allowed by the constraints
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Appendix C
The T parameter in CHM
We compute the one-loop contributions to ∆ρ = Tˆ arising from top partner loops in
models with partial compositeness. We do the calculation in the elementary-composite
basis for fermions and vector bosons.
We consider a composite sector which has a custodial SU(2)L×SU(2)R symmetry, and
the corresponding ρL and ρR vector resonances. After electroweak symmetry breaking,
the elementary W boson mixing insertions with ρL and ρR are given by, respectively
(v = 174 GeV):
i
g
gρ
m2ρ ≡ −im2ρ∆L and i
g
gρ
v2g2ρ
2
≡ −im2ρ∆R . (C.1)
We’ll consider degenerate fermion masses Mf ' Y f and degenerate vector masses mρ '
gρf .
Since the composite sector is symmetric under the custodial SU(2)L × SU(2)R, el-
ementary fermion insertions are needed in the loop in order to have a non-vanishing
contribution. Moreover at least four Higgs insertions are needed overall to generate the
operator OH = (H†DµH)2.
The contributions from the following two point functions contribute to Tˆ after elementary-
composite mixings on the external legs:
• TˆLL from W -ρL mixing on both external legs of 〈ρLρL〉: four Higgs insertions inside
the fermion loop are needed;
• TˆWL from W -ρL mixing on the ρL leg of 〈WρL〉 and 〈ρLW 〉: four Higgs insertions
inside the fermion loop;
• TˆRR from W -ρR mixing on both external legs of 〈ρRρR〉: all the Higgs insertions are
in the L-R mixings;
• TˆLR from W -ρL and W -ρR mixing on the external legs of 〈ρLρR〉 and 〈ρRρL〉: two
Higgs insertions are in the L-R mixing and two are in the fermion loop;
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• TˆWR from W -ρR mixing on the ρR leg of 〈WρR〉 and 〈ρRW 〉: two Higgs insertions
are in the L-R mixing and two are in the fermion loop.
We calculate the leading terms in v/f and in the elementary/composite quark mixings
in the one-doublet (1D), two-bidoublets (2B) and triplet (T) models. We consider only
third-generation quarks, since all the other mixings are negligible.
One-doublet model
The composite quarks are one doublet Q under SU(2)L and one doublet Q under SU(2)R
which couple respectively to the elementary quarks qL and uR, dR.
Q =
(
T
B
)
, DµQ = ∂µQ− igρ(ρL)aµT aLQ, (C.2)
Q =
(
U
D
)
, DµQ = ∂µQ− igρ(ρR)aµT aRQ. (C.3)
The lagrangian reads
L = gρ
2
ρ3L(T¯ T − B¯B) +
gρ√
2
ρ−L T¯B +
gρ
2
ρ3R(U¯U − D¯D) +
gρ√
2
ρ−RU¯D
+ Y v(T¯U + B¯D) +MfλL(u¯LT + d¯LB) +MfλRu¯RU + h.c. .
(C.4)
In the limit Y˜ → 0 (only standard Yukawas) one gets
TˆLL1D =
13
105
Nc
(4pi)2
m2tY
2
M2fx
2
t
, TˆWL1D = 0, (C.5)
TˆLR1D =
13
60
Nc
(4pi)2
m2tY
2
M2fx
2
t
TˆWR1D = 0, (C.6)
TˆRR1D =
1
6
Nc
(4pi)2
m2tY
2
M2fx
2
t
, (C.7)
and the total contribution is thus



Tˆ1D =
71
140
Nc
(4pi)2
m2tY
2
M2fx
2
t
. (C.8)
Including also the Y˜ terms one has
Tˆ1D =
Nc
(4pi)2
m2tY
2
M2fx
2
t
(
1
210
(26 + 6X + 9X2 −X3 + 5X4) +R2(13 +X + 8X2) + R
4
6
)
,
(C.9)
where X ≡ Y˜/Y and R ≡Mf/(Y f).
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Two-bidoublets model
The composite quarks are two SU(2)L × SU(2)R bidoublets Qu and Qd which mix with
qL, and two singlets U and D which mix with uR and dR respectively. Here we neglect
all terms with Qd, since they are suppressed by factors z = λuL/λ
d
L.
Qu =
(
T X
B T ′
)
, DµQ
u = ∂µQ
u − igρ(ρL)aµT aLQu + igρ(ρR)aµQuT aR. (C.10)
The lagrangian reads
L = gρ
2
ρ3L(T¯ T − B¯B + X¯X − T¯ ′T ′) +
gρ√
2
ρ−L(T¯B + X¯T
′)
+
gρ
2
ρ3R(X¯X + T¯
′T ′ − T¯ T − B¯B)− gρ√
2
ρ−R(X¯T + T¯
′B)
+ Y v(T¯ + T¯ ′)U +MfλL(u¯LT + d¯LB) + λRu¯RU + h.c. .
(C.11)
In the limit Y˜ → 0 one gets
TˆLL2B = −
4
105
Nc
(4pi)2
m2tx
2
tY
2
M2f
, TˆWL2B =
1
15
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.12)
TˆLR2B = −
1
5
Nc
(4pi)2
m2tx
2
tY
2
M2f
, TˆWR2B = −
5
12
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.13)
TˆRR2B =
1
3
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.14)
and the total contribution is



Tˆ2B = −107
420
Nc
(4pi)2
m2tx
2
tY
2
M2f
. (C.15)
Including also the Y˜ terms one has
Tˆ2B =
Nc
(4pi)2
m2tY
2x2t
M2f
(
12 + 272X + 485X2 − 302X3 + 82X4
420
−R2 37 + 98X − 24X
2
60
+
R4
3
)
,
(C.16)
where X ≡ Y˜/Y and R ≡Mf/(Y f).
Triplet model
The composite quarks are one bidoublet Q ∼ (2,2) that mixes with qL and two triplets
T l ∼ (3,1) and T r ∼ (1,3); the SU(2)R-triplet T r mixes with uR and dR.
Qu =
(
T X
B T ′
)
, DµQ
u = ∂µQ
u − igρ(ρL)aµT aLQu + igρ(ρR)aµQuT aR, (C.17)
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T l =
(
U l/
√
2 −X l
Dl −U l/√2
)
, DµT l = ∂µT l − igρ(ρL)aµ[T aLT l], (C.18)
T r =
(
U r/
√
2 −Xr
Dr −U r/√2
)
, DµT r = ∂µT r − igρ(ρR)aµ[T aRT r]. (C.19)
The lagrangian reads
L = gρρ3L
[
1
2
(T¯ T − B¯B + X¯X − T¯ ′T ′) + X¯ lX l − D¯lDl
]
+ gρρ
3
R
[
1
2
(X¯X + T¯ ′T ′ − T¯ T − B¯B) + X¯rXr − D¯rDr
]
+ gρρ
−
L
[
X¯ lU l + U¯ lDl +
T¯B + X¯T ′√
2
]
+ gρρ
−
R
[
X¯rU r + U¯ rDr − X¯T + T¯
′B√
2
]
+ Y v
[
T¯ − T¯ ′√
2
(U l + U r) + B¯(Dl +Dr)− X¯(X l +Xr)
]
+MfλL(u¯LT + d¯LB) +MfλRu¯RU
r + h.c.
(C.20)
λ2R contributions
The leading contributions are proportional to λ2R. In the limit of vanishing Y˜ one gets:
TˆLLT,R = −
1
2
Nc
(4pi)2
m2tY
3
M2f ytxt
, TˆWLT,R = 0, (C.21)
TˆLRT,R = 0, Tˆ
WR
T,R = 0, (C.22)
TˆRRT,R =
Nc
(4pi)2
m2tY
3
M2f ytxt
log
( Λ2
M2f
+ 1
)
, (C.23)
and the total λ2R contribution isff



TˆT,R =
(
log
( Λ2
M2f
+ 1
)
− 1
2
)
Nc
(4pi)2
m2tY
3
M2f ytxt
. (C.24)
Including also the Y˜ terms one has
TˆT,R =
Nc
(4pi)2
m2tY
3
M2f ytxt
(
−15− 2X
2 − 26X2 + 24X3 − 17X4
480
+
R2
48
X(5X − 1) +R4 log
( Λ2
M2f
+ 1
))
.
(C.25)
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λ4L contributions
There are many diagrams that give contributions to Tˆ proportional to λ4L. In the limit
Y˜ → 0 one gets
TˆLLT,L =
3
7
Nc
(4pi)2
m2tY
2x2t
M2f
, TˆWLT,L =
8
15
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.26)
TˆLRT,L =
19
30
Nc
(4pi)2
m2tx
2
tY
2
M2f
, TˆWRT,L =
5
12
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.27)
TˆRRT,L =
1
3
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.28)
and the total λ4L contribution is



TˆT,L =
197
84
Nc
(4pi)2
m2tx
2
tY
2
M2f
. (C.29)
Including also the Y˜ terms one has
TˆT,L =
Nc
(4pi)2
m2tY
2x2t
M2f
(
404 + 1168X + 737X2 − 78X3 − 2X4
420
+R2
63 + 101X − 22X2
60
+
R4
3
)
.
(C.30)
Interpretation of the divergence
We can treat the SU(2)R symmetry as a gauge symmetry associated with the ρR vector
bosons. The divergence appearing in (C.24), which comes from ΠRR = Πρ3Rρ3R − Πρ+Rρ−R ,
can then be understood as a consequence of the explicit breaking of SU(2)R by λR.
We want to determine the scale Λ that appears in the logarithm in (C.24). A way to
do that is to construct a renormalizable completion of the theory where ΠRR is finite, and
match the divergences obtained integrating out the new degrees of freedom.
Let’s introduce a right-handed “Higgs” doublet λ ∼ (1,2) which generates λR and the
ρR masses when getting a vev. In the three cases 1D, 2B ,T one has
LT = T¯ r( /D −Mf )T r + |Dµλ|2 − V (λ) + 1
MF
(λ†σaλ)T¯ ra uR, (C.31)
L1D = Q¯( /D −Mf )Q+ |Dµλ|2 − V (λ) + (Q¯λ)uR, (C.32)
L2B = Q¯( /D −Mf )Q+ |Dµλ|2 − V (λ) + (Q¯λ)qL. (C.33)
In the 1D and 2B cases, where we have a renormalizable SU(2)R-invariant lagrangian,
ΠRR has to be finite since there is no mass splitting ρ
3
R − ρ+R at tree-level. In the triplet
case, insertions of the dimension 5 operator generate the divergent terms.
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The model becomes renormalizable introducing a new heavy fermion F = (U,D) ∼
(1,2)
L = T¯ r( /D−Mf )T r + |Dµλ|2−V (λ)+ F¯ ( /D−MF )F +YF (F¯ σaλ)T ra +Y ′F (F¯ λ)uR. (C.34)
After the breaking of SU(2)R, 〈λ〉 = (f, 0) and
L/R = T¯ r( /D−Mf )T r+|Dµλ|2−V (λ)+F¯ ( /D−MF )F+YFf(U¯U r+D¯Dr)+Y ′FfU¯uR. (C.35)
Now, integrating out the field F one recovers the original mass mixing
λR =
YFY
′
Ff
2
MfMF
. (C.36)
We can calculate the contribution to Tˆ coming from ΠRR in the model (C.35). In the
limit of large MF we obtain
TˆF =
Nc
(4pi)2
m2tY
3
M2f ytxt
(
1 + S2
2
log
(M2F
M2f
)
+
1
48
(8− 22S2 − 47S4)
)
, (C.37)
where S = Y ′F/YF and we used (C.36) to express the result in terms of mt, yt and xt. If
now we identify MF ∼= αΛ, with α arbitrary, and impose the matching conditions between
(C.37) and (C.24) we get α = exp(61/96) and YF = Y
′
F , and thus
Λ = MF e
−61/96 ' 0.53MF . (C.38)
Making the assumption MF ∼ YFf one has λR ' YF/Y.
Bibliography
[1] R. Barbieri, P. Campli, G. Isidori, F. Sala, and D. M. Straub, Eur.Phys.J. C71 (2011)
1812, arXiv:1108.5125 [hep-ph].
[2] R. Barbieri, D. Buttazzo, F. Sala, and D. M. Straub, JHEP 1207 (2012) 181,
arXiv:1203.4218 [hep-ph].
[3] R. Barbieri, D. Buttazzo, F. Sala, and D. M. Straub, JHEP 1210 (2012) 040,
arXiv:1206.1327 [hep-ph].
[4] R. Barbieri, D. Buttazzo, F. Sala, D. M. Straub, and A. Tesi, JHEP 1305 (2013) 069,
arXiv:1211.5085 [hep-ph].
[5] R. Barbieri, D. Buttazzo, K. Kannike, F. Sala, and A. Tesi, Phys. Rev. D87 (2013)
115018, arXiv:1304.3670 [hep-ph].
[6] R. Barbieri, D. Buttazzo, K. Kannike, F. Sala, and A. Tesi, Phys. Rev. D88 (2013)
055011, arXiv:1307.4937 [hep-ph].
[7] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F. Sala, et al.,
arXiv:1307.3536 [hep-ph].
[8] R. Barbieri arXiv:0706.0684 [hep-ph].
[9] Particle Data Group Collaboration, J. Beringer et al., Phys.Rev. D86 (2012) 010001.
[10] LEP Working Group for Higgs boson searches, ALEPH, DELPHI, L3, OPAL
Collaboration, R. Barate et al., Phys.Lett. B565 (2003) 61–75, arXiv:hep-ex/0306033
[hep-ex].
[11] CMS Collaboration, S. Chatrchyan et al., Phys.Lett. B716 (2012) 30–61,
arXiv:1207.7235 [hep-ex].
[12] ATLAS Collaboration, G. Aad et al., Phys.Lett. B716 (2012) 1–29, arXiv:1207.7214
[hep-ex].
[13] CMS Collaboration, G. Gomez-Ceballos. Talk at the Moriond 2013 EW session.
CMS Collaboration, M. Shen. Talk at the Moriond 2013 QCD session.
CMS Collaboration, B. Mansoulie. Talk at the Moriond 2013 EW session.
CMS Collaboration, V. Dutta. Talk at the Moriond 2013 EW session.
159
160 BIBLIOGRAPHY
CMS Collaboration, CMS-PAS-HIG-13-001.
CMS Collaboration, CMS-PAS-HIG-13-002.
CMS Collaboration, CMS-PAS-HIG-13-003.
CMS Collaboration, CMS-PAS-HIG-13-004.
CMS Collaboration, CMS-PAS-HIG-13-006.
CMS Collaboration, CMS-PAS-HIG-13-009.
[14] ATLAS Collaboration, F. Hubaut. Talk at the Moriond 2013 EW session.
ATLAS Collaboration, E. Mountricha. Talk at the Moriond 2013 QCD session.
ATLAS Collaboration, V. Martin. Talk at the Moriond 2013 EW session.
ATLAS Collaboration, ATLAS-CONF-2013-009.
ATLAS Collaboration, ATLAS-CONF-2013-010.
ATLAS Collaboration, ATLAS-CONF-2013-011.
ATLAS Collaboration, ATLAS-CONF-2013-012.
ATLAS Collaboration, ATLAS-CONF-2013-013.
ATLAS Collaboration, ATLAS-CONF-2013-014.
ATLAS Collaboration, ATLAS-CONF-2013-030.
[15] CDF and D0 Collaboration, L. Zˇivkovic´. Talk at the Moriond 2013 EW session.
[16] MuLan Collaboration, D. Webber et al., Phys.Rev.Lett. 106 (2011) 041803,
arXiv:1010.0991 [hep-ex].
[17] ALEPH, DELPHI, L3, OPAL, SLD, LEP Electroweak Working Group, SLD
Electroweak Group, SLD Heavy Flavour Group Collaboration, t. S. electroweak
Phys.Rept. 427 (2006) 257–454, arXiv:hep-ex/0509008 [hep-ex].
[18] R. Bouchendira, P. Clade, S. Guellati-Khelifa, F. Nez, and F. Biraben, Phys.Rev.Lett.
106 (2011) 080801, arXiv:1012.3627 [physics.atom-ph].
[19] D. Hanneke, S. Fogwell, and G. Gabrielse, Phys.Rev.Lett. 100 (2008) 120801,
arXiv:0801.1134 [physics.atom-ph].
[20] M. Baak and R. Kogler, arXiv:1306.0571 [hep-ph].
[21] A. Strumia and F. Vissani, arXiv:hep-ph/0606054 [hep-ph].
[22] G. ’t Hooft NATO Adv.Study Inst.Ser.B Phys. 59 (1980) 135.
[23] H. Georgi, H. R. Quinn, and S. Weinberg, Phys.Rev.Lett. 33 (1974) 451–454.
[24] L. Susskind Phys.Rev. D20 (1979) 2619–2625.
[25] K. G. Wilson Phys.Rev. D3 (1971) 1818.
[26] P. Lodone Int.J.Mod.Phys. A27 (2012) 1230010, arXiv:1203.6227 [hep-ph].
BIBLIOGRAPHY 161
[27] S. Rychkov PoS EPS-HEP2011 (2011) 029, arXiv:1109.1180 [hep-ph].
[28] R. Barbieri and G. Giudice, Nucl.Phys. B306 (1988) 63.
[29] P. A. Dirac Nature 139 (1937) 323.
[30] G. Dvali, G. F. Giudice, C. Gomez, and A. Kehagias, JHEP 1108 (2011) 108,
arXiv:1010.1415 [hep-ph].
[31] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys.Lett. B429 (1998) 263–272,
arXiv:hep-ph/9803315 [hep-ph].
[32] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys.Lett. B436 (1998)
257–263, arXiv:hep-ph/9804398 [hep-ph].
[33] L. Randall and R. Sundrum, Phys.Rev.Lett. 83 (1999) 3370–3373,
arXiv:hep-ph/9905221 [hep-ph].
[34] L. Randall and R. Sundrum, Phys.Rev.Lett. 83 (1999) 4690–4693,
arXiv:hep-th/9906064 [hep-th].
[35] G. F. Giudice arXiv:0801.2562 [hep-ph].
[36] P. Bak, C. Tang, and K. Wiesenfeld, Phys. Rev. Lett. 59 (1987) 381–384.
[37] S. N. Dorogovtsev, A. V. Goltsev, and J. F. F. Mendes, Rev. Mod. Phys. 80 (2008)
1275–1335, arXiv:0705.0010 [cond-mat].
[38] A. Arvanitaki and G. Villadoro, JHEP 1202 (2012) 144, arXiv:1112.4835 [hep-ph].
[39] A. Freitas and Y.-C. Huang, JHEP 1208 (2012) 050, arXiv:1205.0299 [hep-ph].
[40] M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy, et al., arXiv:1209.2716
[hep-ph].
[41] M. E. Peskin and T. Takeuchi, Phys.Rev.Lett. 65 (1990) 964–967.
[42] G. Altarelli and R. Barbieri, Phys.Lett. B253 (1991) 161–167.
[43] G. Altarelli, R. Barbieri, and S. Jadach, Nucl.Phys. B369 (1992) 3–32.
[44] M. E. Peskin and T. Takeuchi, Phys.Rev. D46 (1992) 381–409.
[45] R. Barbieri, A. Pomarol, R. Rattazzi, and A. Strumia, Nucl.Phys. B703 (2004) 127–146,
arXiv:hep-ph/0405040 [hep-ph].
[46] G. Isidori, Y. Nir, and G. Perez, Ann.Rev.Nucl.Part.Sci. 60 (2010) 355,
arXiv:1002.0900 [hep-ph].
[47] R. S. Chivukula and H. Georgi, Phys.Lett. B188 (1987) 99.
[48] L. Hall and L. Randall, Phys.Rev.Lett. 65 (1990) 2939–2942.
162 BIBLIOGRAPHY
[49] G. D’Ambrosio, G. F. Giudice, G. Isidori, and A. Strumia, Nucl. Phys. B645 (2002)
155–187, arXiv:hep-ph/0207036.
[50] D. B. Kaplan Nucl.Phys. B365 (1991) 259–278.
[51] R. Contino, T. Kramer, M. Son, and R. Sundrum, JHEP 0705 (2007) 074,
arXiv:hep-ph/0612180 [hep-ph].
[52] S. Davidson, G. Isidori, and S. Uhlig, Phys.Lett. B663 (2008) 73–79, arXiv:0711.3376
[hep-ph].
[53] B. Keren-Zur, P. Lodone, M. Nardecchia, D. Pappadopulo, R. Rattazzi, et al.,
Nucl.Phys. B867 (2013) 429–447, arXiv:1205.5803 [hep-ph].
[54] F. Wilczek arXiv:1307.7376 [hep-ph].
[55] S. Weinberg Phys.Rev.Lett. 59 (1987) 2607.
[56] Supernova Search Team Collaboration, A. G. Riess et al., Astron.J. 116 (1998)
1009–1038, arXiv:astro-ph/9805201 [astro-ph].
[57] Supernova Cosmology Project Collaboration, S. Perlmutter et al., Astrophys.J. 517
(1999) 565–586, arXiv:astro-ph/9812133 [astro-ph].
[58] V. Agrawal, S. M. Barr, J. F. Donoghue, and D. Seckel, Phys.Rev. D57 (1998)
5480–5492, arXiv:hep-ph/9707380 [hep-ph].
[59] G. Giudice and R. Rattazzi, Nucl.Phys. B757 (2006) 19–46, arXiv:hep-ph/0606105
[hep-ph].
[60] M. Shaposhnikov Theor.Math.Phys. 170 (2012) 229–238.
[61] T. Asaka and M. Shaposhnikov, Phys.Lett. B620 (2005) 17–26, arXiv:hep-ph/0505013
[hep-ph].
[62] M. Shaposhnikov arXiv:0708.3550 [hep-th].
[63] M. Farina, D. Pappadopulo, and A. Strumia, arXiv:1303.7244 [hep-ph].
[64] S. Dubovsky, V. Gorbenko, and M. Mirbabayi, arXiv:1305.6939 [hep-th].
[65] N. Arkani-Hamed and S. Dimopoulos, JHEP 0506 (2005) 073, arXiv:hep-th/0405159
[hep-th].
[66] G. Giudice and A. Romanino, Nucl.Phys. B699 (2004) 65–89, arXiv:hep-ph/0406088
[hep-ph].
[67] N. Cabibbo Phys.Rev.Lett. 10 (1963) 531–533.
[68] M. Kobayashi and T. Maskawa, Prog.Theor.Phys. 49 (1973) 652–657.
[69] C. Jarlskog Phys.Rev.Lett. 55 (1985) 1039.
[70] L. Wolfenstein Phys.Rev.Lett. 51 (1983) 1945.
BIBLIOGRAPHY 163
[71] A. J. Buras, M. E. Lautenbacher, and G. Ostermaier, Phys.Rev. D50 (1994) 3433–3446,
arXiv:hep-ph/9403384 [hep-ph].
[72] CKM fitter group Collaboration, J. Charles et al.,. http://ckmfitter.in2p3.fr.
[73] Y. Nir arXiv:hep-ph/0510413 [hep-ph].
[74] Y. Nir arXiv:1010.2666 [hep-ph].
[75] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev.Mod.Phys. 68 (1996) 1125–1144,
arXiv:hep-ph/9512380 [hep-ph].
[76] A. J. Buras arXiv:hep-ph/9806471 [hep-ph].
[77] J. Charles, S. Descotes-Genon, Z. Ligeti, S. Monteil, M. Papucci, et al.,
arXiv:1309.2293 [hep-ph].
[78] Belle Collaboration, I. Adachi et al., Phys.Rev.Lett. 110 (2013) 131801,
arXiv:1208.4678 [hep-ex].
[79] UTfit Collaboration, M. Bona. Talk at the UK flavour workshop, September 6 2013,
Durham, UK.
[80] E. Lunghi and A. Soni, Phys.Lett. B666 (2008) 162–165, arXiv:0803.4340 [hep-ph].
[81] A. J. Buras and D. Guadagnoli, Phys.Rev. D78 (2008) 033005, arXiv:0805.3887
[hep-ph].
[82] W. Altmannshofer, A. J. Buras, S. Gori, P. Paradisi, and D. M. Straub, Nucl. Phys.
B830 (2010) 17–94, arXiv:0909.1333 [hep-ph].
[83] E. Lunghi and A. Soni, Phys.Lett. B697 (2011) 323–328, arXiv:1010.6069 [hep-ph].
[84] UTfit Collaboration, A. Bevan et al., PoS ICHEP2010 (2010) 270, arXiv:1010.5089
[hep-ph].
[85] R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone, and D. M. Straub, Eur.Phys.J. C71
(2011) 1725, arXiv:1105.2296 [hep-ph].
[86] E. Shabalin Sov.J.Nucl.Phys. 28 (1978) 75.
[87] I. Khriplovich Phys.Lett. B173 (1986) 193–196.
[88] A. Czarnecki and B. Krause, Phys.Rev.Lett. 78 (1997) 4339–4342,
arXiv:hep-ph/9704355 [hep-ph].
[89] C. Baker, D. Doyle, P. Geltenbort, K. Green, M. van der Grinten, et al., Phys.Rev.Lett.
97 (2006) 131801, arXiv:hep-ex/0602020 [hep-ex].
[90] T. Mannel and N. Uraltsev, Phys.Rev. D85 (2012) 096002, arXiv:1202.6270 [hep-ph].
[91] K. Bodek, S. Kistryn, M. Kuzniak, J. Zejma, M. Burghoff, et al., arXiv:0806.4837
[nucl-ex].
164 BIBLIOGRAPHY
[92] nEDM Collaboration Collaboration, D. Beck, D. Budker, and B. Park,
arXiv:1111.1273 [nucl-ex].
[93] A. Pomarol and D. Tommasini, Nucl.Phys. B466 (1996) 3–24, arXiv:hep-ph/9507462
[hep-ph].
[94] R. Barbieri, G. R. Dvali, and L. J. Hall, Phys. Lett. B377 (1996) 76–82,
arXiv:hep-ph/9512388.
[95] R. Barbieri, L. J. Hall, and A. Romanino, Phys. Lett. B401 (1997) 47–53,
arXiv:hep-ph/9702315.
[96] N. Carrasco, M. Ciuchini, P. Dimopoulos, R. Frezzotti, V. Gimenez, et al.,
arXiv:1308.1851 [hep-lat].
[97] J. Brod and M. Gorbahn, arXiv:1108.2036 [hep-ph].
[98] J. Hardy and I. Towner, Phys.Rev. C79 (2009) 055502, arXiv:0812.1202 [nucl-ex].
[99] J. Laiho, E. Lunghi, and R. S. Van de Water, Phys.Rev. D81 (2010) 034503,
arXiv:0910.2928 [hep-ph].
[100] M. Antonelli, V. Cirigliano, G. Isidori, F. Mescia, M. Moulson, et al., Eur.Phys.J. C69
(2010) 399–424, arXiv:1005.2323 [hep-ph].
[101] Particle Data Group Collaboration, K. Nakamura et al., J. Phys. G37 (2010) 075021.
[102] A. J. Buras, D. Guadagnoli, and G. Isidori, Phys.Lett. B688 (2010) 309–313,
arXiv:1002.3612 [hep-ph].
[103] BaBar Collaboration, R. Kowalewski PoS BEAUTY2011 (2011) 030.
[104] E. Lunghi and A. Soni, arXiv:1104.2117 [hep-ph].
[105] A. J. Buras, M. Jamin, and P. H. Weisz, Nucl.Phys. B347 (1990) 491–536.
[106] Heavy Flavor Averaging Group Collaboration, D. Asner et al., arXiv:1010.1589
[hep-ex].
[107] J. Brod and M. Gorbahn, Phys.Rev. D82 (2010) 094026, arXiv:1007.0684 [hep-ph].
[108] CDF Collaboration, A. Abulencia et al., Phys.Rev.Lett. 97 (2006) 242003,
arXiv:hep-ex/0609040 [hep-ex].
[109] LHCb Collaboration. LHCb-TALK-2012-029.
[110] A. J. Buras and J. Girrbach, arXiv:1206.3878 [hep-ph].
[111] W. Altmannshofer, P. Paradisi, and D. M. Straub, arXiv:1111.1257 [hep-ph].
[112] W. Altmannshofer and D. M. Straub, arXiv:1308.1501 [hep-ph].
[113] S. Bosch, A. Buras, M. Gorbahn, S. Jager, M. Jamin, et al., Nucl.Phys. B565 (2000)
3–37, arXiv:hep-ph/9904408 [hep-ph].
BIBLIOGRAPHY 165
[114] O. Gedalia, Y. Grossman, Y. Nir, and G. Perez, Phys.Rev. D80 (2009) 055024,
arXiv:0906.1879 [hep-ph].
[115] A. F. Falk, Y. Grossman, Z. Ligeti, and A. A. Petrov, Phys.Rev. D65 (2002) 054034,
arXiv:hep-ph/0110317 [hep-ph].
[116] A. F. Falk, Y. Grossman, Z. Ligeti, Y. Nir, and A. A. Petrov, Phys.Rev. D69 (2004)
114021, arXiv:hep-ph/0402204 [hep-ph].
[117] G. Isidori, J. F. Kamenik, Z. Ligeti, and G. Perez, Phys.Lett. B711 (2012) 46–51,
arXiv:1111.4987 [hep-ph].
[118] LHCb Collaboration, R. Aaij et al., Phys.Rev.Lett. 108 (2012) 111602,
arXiv:1112.0938 [hep-ex].
[119] Heavy Flavor Averaging Group Collaboration, Y. Amhis et al., arXiv:1207.1158.
Online update at http://www.slac.stanford.edu/xorg/hfag.
[120] G. F. Giudice, G. Isidori, and P. Paradisi, JHEP 1204 (2012) 060, arXiv:1201.6204
[hep-ph].
[121] ATLAS Collaboration, J. Carvalho et al., Eur.Phys.J. C52 (2007) 999–1019,
arXiv:0712.1127 [hep-ex].
[122] P. J. Fox, Z. Ligeti, M. Papucci, G. Perez, and M. D. Schwartz, Phys.Rev. D78 (2008)
054008, arXiv:0704.1482 [hep-ph].
[123] J. F. Kamenik, M. Papucci, and A. Weiler, arXiv:1107.3143 [hep-ph].
[124] A. Cordero-Cid, J. Hernandez, G. Tavares-Velasco, and J. Toscano, J.Phys.G G35
(2008) 025004, arXiv:0712.0154 [hep-ph].
[125] M. Pospelov and A. Ritz, Phys.Rev. D63 (2001) 073015, arXiv:hep-ph/0010037
[hep-ph].
[126] CDF Collaboration. CDF Note 10784.
[127] H.-Y. Cheng and C.-W. Chiang, Phys.Rev. D85 (2012) 034036, arXiv:1201.0785
[hep-ph].
[128] J. Brod, Y. Grossman, A. L. Kagan, and J. Zupan, arXiv:1203.6659 [hep-ph].
[129] G. Isidori and J. F. Kamenik, arXiv:1205.3164 [hep-ph].
[130] P. Mertens and C. Smith, JHEP 1108 (2011) 069, arXiv:1103.5992 [hep-ph].
[131] T. Aushev et al., arXiv:1002.5012 [hep-ex].
[132] LHCb Collaboration, M. Merk PoS BEAUTY2011 (2011) 039.
[133] T. Feldmann and T. Mannel, Phys.Rev.Lett. 100 (2008) 171601, arXiv:0801.1802
[hep-ph].
166 BIBLIOGRAPHY
[134] A. L. Kagan, G. Perez, T. Volansky, and J. Zupan, Phys. Rev. D80 (2009) 076002,
arXiv:0903.1794 [hep-ph].
[135] G. Isidori and D. M. Straub, Eur.Phys.J. C72 (2012) 2103, arXiv:1202.0464 [hep-ph].
[136] G. Colangelo, E. Nikolidakis, and C. Smith, Eur.Phys.J. C59 (2009) 75–98,
arXiv:0807.0801 [hep-ph].
[137] G. Blankenburg, G. Isidori, and J. Jones-Perez, arXiv:1204.0688 [hep-ph].
[138] J. Hisano, T. Moroi, K. Tobe, and M. Yamaguchi, Phys.Rev. D53 (1996) 2442–2459,
arXiv:hep-ph/9510309 [hep-ph].
[139] E. Arganda and M. J. Herrero, Phys.Rev. D73 (2006) 055003, arXiv:hep-ph/0510405
[hep-ph].
[140] R. Barbieri, L. J. Hall, and A. Strumia, Nucl.Phys. B445 (1995) 219–251,
arXiv:hep-ph/9501334 [hep-ph].
[141] MEG Collaboration, J. Adam et al., Phys.Rev.Lett. 107 (2011) 171801,
arXiv:1107.5547 [hep-ex].
[142] SINDRUM Collaboration, U. Bellgardt et al., Nucl.Phys. B299 (1988) 1.
[143] P. Wintz Conf.Proc. C980420 (1998) 534–546.
[144] BABAR Collaboration, B. Aubert et al., Phys.Rev.Lett. 104 (2010) 021802,
arXiv:0908.2381 [hep-ex].
[145] K. Hayasaka, K. Inami, Y. Miyazaki, K. Arinstein, V. Aulchenko, et al., Phys.Lett.
B687 (2010) 139–143, arXiv:1001.3221 [hep-ex].
[146] S. R. Coleman and J. Mandula, Phys.Rev. 159 (1967) 1251–1256.
[147] J. Wess and B. Zumino, Nucl.Phys. B70 (1974) 39–50.
[148] J. Wess and B. Zumino, Phys.Lett. B49 (1974) 52.
[149] R. Haag, J. T. Lopuszanski, and M. Sohnius, Nucl.Phys. B88 (1975) 257.
[150] S. P. Martin arXiv:hep-ph/9709356 [hep-ph].
[151] J. Terning.
[152] J.-P. Derendinger.
[153] F. Riva, C. Biggio, and A. Pomarol, JHEP 1302 (2013) 081, arXiv:1211.4526
[hep-ph].
[154] M. S. Carena, S. Mrenna, and C. Wagner, Phys.Rev. D60 (1999) 075010,
arXiv:hep-ph/9808312 [hep-ph].
[155] G. F. Giudice and A. Strumia, Nucl.Phys. B858 (2012) 63–83, arXiv:1108.6077
[hep-ph].
BIBLIOGRAPHY 167
[156] L. J. Hall, D. Pinner, and J. T. Ruderman, JHEP 1204 (2012) 131, arXiv:1112.2703
[hep-ph].
[157] S. Dimopoulos and G. Giudice, Phys.Lett. B357 (1995) 573–578,
arXiv:hep-ph/9507282 [hep-ph].
[158] A. G. Cohen, D. Kaplan, and A. Nelson, Phys.Lett. B388 (1996) 588–598,
arXiv:hep-ph/9607394 [hep-ph].
[159] R. Barbieri and D. Pappadopulo, JHEP 0910 (2009) 061, arXiv:0906.4546 [hep-ph].
[160] M. Papucci, J. T. Ruderman, and A. Weiler, JHEP 1209 (2012) 035, arXiv:1110.6926
[hep-ph].
[161] A. Delgado, G. F. Giudice, G. Isidori, M. Pierini, and A. Strumia, Eur.Phys.J. C73
(2013) 2370, arXiv:1212.6847 [hep-ph].
[162] ATLAS Collaboration, J. Boyd. ATL-PHYS-SLIDE-2013-501.
[163] CMS Collaboration, J. Richman. presentation given at SUSY 2013, Trieste.
[164] R. Barbieri, L. J. Hall, Y. Nomura, and V. S. Rychkov, Phys.Rev. D75 (2007) 035007,
arXiv:hep-ph/0607332 [hep-ph].
[165] T. Gherghetta, B. von Harling, A. D. Medina, and M. A. Schmidt, JHEP 1302 (2013)
032, arXiv:1212.5243 [hep-ph].
[166] J. Espinosa and M. Quiros, Phys.Lett. B279 (1992) 92–97.
[167] R. Harnik, G. D. Kribs, D. T. Larson, and H. Murayama, Phys.Rev. D70 (2004) 015002,
arXiv:hep-ph/0311349 [hep-ph].
[168] S. Chang, C. Kilic, and R. Mahbubani, Phys.Rev. D71 (2005) 015003,
arXiv:hep-ph/0405267 [hep-ph].
[169] A. Birkedal, Z. Chacko, and Y. Nomura, Phys.Rev. D71 (2005) 015006,
arXiv:hep-ph/0408329 [hep-ph].
[170] A. Delgado and T. M. Tait, JHEP 0507 (2005) 023, arXiv:hep-ph/0504224 [hep-ph].
[171] T. Gherghetta, B. von Harling, and N. Setzer, JHEP 1107 (2011) 011,
arXiv:1104.3171 [hep-ph].
[172] N. Craig, D. Stolarski, and J. Thaler, JHEP 1111 (2011) 145, arXiv:1106.2164
[hep-ph].
[173] C. Csaki, Y. Shirman, and J. Terning, Phys.Rev. D84 (2011) 095011, arXiv:1106.3074
[hep-ph].
[174] E. Hardy, J. March-Russell, and J. Unwin, JHEP 1210 (2012) 072, arXiv:1207.1435
[hep-ph].
168 BIBLIOGRAPHY
[175] W. Fischler, S. Paban, and S. D. Thomas, Phys.Lett. B289 (1992) 373–380,
arXiv:hep-ph/9205233 [hep-ph].
[176] LHCb Collaboration, R. Aaij et al., Phys.Rev.Lett. 108 (2012) 101803,
arXiv:1112.3183 [hep-ex].
[177] D. M. Straub PoS EPS-HEP2011 (2011) 146, arXiv:1110.6391 [hep-ph].
[178] M. Misiak, H. Asatrian, K. Bieri, M. Czakon, A. Czarnecki, et al., Phys.Rev.Lett. 98
(2007) 022002, arXiv:hep-ph/0609232 [hep-ph].
[179] M. Benzke, S. J. Lee, M. Neubert, and G. Paz, Phys. Rev. Lett. 106 (2011) 141801,
arXiv:1012.3167 [hep-ph].
[180] A. Crivellin and L. Mercolli, arXiv:1106.5499 [hep-ph].
[181] G. Buchalla, G. Hiller, Y. Nir, and G. Raz, JHEP 09 (2005) 074,
arXiv:hep-ph/0503151.
[182] M. Beneke Phys. Lett. B620 (2005) 143–150, arXiv:hep-ph/0505075.
[183] W. Altmannshofer, P. Ball, A. Bharucha, A. J. Buras, D. M. Straub, et al., JHEP 0901
(2009) 019, arXiv:0811.1214 [hep-ph].
[184] SuperB Collaboration, B. O’Leary et al., arXiv:1008.1541 [hep-ex].
[185] A. J. Buras, L. Merlo, and E. Stamou, arXiv:1105.5146 [hep-ph].
[186] T. Hurth, E. Lunghi, and W. Porod, Nucl. Phys. B704 (2005) 56–74,
arXiv:hep-ph/0312260.
[187] S. Descotes-Genon, J. Matias, and J. Virto, arXiv:1307.5683 [hep-ph].
[188] R. Barbieri, P. Lodone, and D. M. Straub, arXiv:1102.0726 [hep-ph].
[189] W. Altmannshofer, A. Buras, and P. Paradisi, Phys.Lett. B669 (2008) 239–245,
arXiv:0808.0707 [hep-ph].
[190] A. Djouadi Phys.Rept. 459 (2008) 1–241, arXiv:hep-ph/0503173 [hep-ph].
[191] C. Cheung, S. D. McDermott, and K. M. Zurek, arXiv:1302.0314 [hep-ph].
[192] K. Choi, S. H. Im, K. S. Jeong, and M. Yamaguchi, JHEP 1302 (2013) 090,
arXiv:1211.0875 [hep-ph].
[193] P. P. Giardino, K. Kannike, I. Masina, M. Raidal, and A. Strumia, arXiv:1303.3570
[hep-ph].
[194] ATLAS Collaboration, ATL-PHYS-PUB-2012-004.
[195] CMS Collaboration.
http://indico.cern.ch/contributionDisplay.py?contribId=144&confId=175067.
see file CMS-EF-ESPG.pdf.
BIBLIOGRAPHY 169
[196] M. S. Carena, J. Espinosa, M. Quiros, and C. Wagner, Phys.Lett. B355 (1995) 209–221,
arXiv:hep-ph/9504316 [hep-ph].
[197] A. Azatov and J. Galloway, Int.J.Mod.Phys. A28 (2013) 1330004, arXiv:1212.1380
[hep-ph].
[198] D. Carmi, A. Falkowski, E. Kuflik, T. Volansky, and J. Zupan, JHEP 1210 (2012) 196,
arXiv:1207.1718 [hep-ph].
[199] LHC Higgs Cross Section Working Group Collaboration, S. Dittmaier et al.,
arXiv:1101.0593 [hep-ph]. Updates on
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections.
[200] C. Anastasiou, S. Bucherer, and Z. Kunszt, JHEP 0910 (2009) 068, arXiv:0907.2362
[hep-ph].
[201] M. Spira, A. Djouadi, D. Graudenz, and P. Zerwas, Nucl.Phys. B453 (1995) 17–82,
arXiv:hep-ph/9504378 [hep-ph].
[202] M. Spira arXiv:hep-ph/9510347 [hep-ph].
[203] X. Lu, H. Murayama, J. T. Ruderman, and K. Tobioka, arXiv:1308.0792 [hep-ph].
[204] J. Baglio, A. Djouadi, R. Grober, M. Muhlleitner, J. Quevillon, et al., arXiv:1212.5581
[hep-ph].
[205] ALEPH, DELPHI, L3, OPAL, LEP Working Group for Higgs Boson
Searches Collaboration, S. Schael et al., Eur.Phys.J. C47 (2006) 547–587,
arXiv:hep-ex/0602042 [hep-ex].
[206] M. J. Dolan, C. Englert, and M. Spannowsky, JHEP 1210 (2012) 112, arXiv:1206.5001
[hep-ph].
[207] F. Goertz, A. Papaefstathiou, L. L. Yang, and J. Zurita, JHEP 1306 (2013) 016,
arXiv:1301.3492 [hep-ph].
[208] M. Badziak, M. Olechowski, and S. Pokorski, JHEP 1306 (2013) 043, arXiv:1304.5437
[hep-ph].
[209] LEP Higgs Working Group for Higgs boson searches Collaboration
arXiv:hep-ex/0107034 [hep-ex].
[210] CMS Collaboration, CMS-PAS-HIG-13-016.
[211] R. Barbieri, B. Bellazzini, V. S. Rychkov, and A. Varagnolo, Phys.Rev. D76 (2007)
115008, arXiv:0706.0432 [hep-ph].
[212] A. Djouadi and J. Quevillon, arXiv:1304.1787 [hep-ph].
[213] A. Djouadi, L. Maiani, G. Moreau, A. Polosa, J. Quevillon, et al., arXiv:1307.5205
[hep-ph].
170 BIBLIOGRAPHY
[214] L. Maiani, A. Polosa, and V. Riquer, New J.Phys. 14 (2012) 073029, arXiv:1202.5998
[hep-ph].
[215] L. Maiani, A. Polosa, and V. Riquer, Phys.Lett. B718 (2012) 465–468,
arXiv:1209.4816 [hep-ph].
[216] CMS Collaboration. CMS-PAS-HIG-12-050.
[217] A. Arbey, M. Battaglia, and F. Mahmoudi, arXiv:1303.7450 [hep-ph].
[218] M. Masip, R. Munoz-Tapia, and A. Pomarol, Phys.Rev. D57 (1998) R5340,
arXiv:hep-ph/9801437 [hep-ph].
[219] R. Barbieri, L. J. Hall, A. Y. Papaioannou, D. Pappadopulo, and V. S. Rychkov, JHEP
0803 (2008) 005, arXiv:0712.2903 [hep-ph].
[220] R. T. D’Agnolo, E. Kuflik, and M. Zanetti, arXiv:1212.1165 [hep-ph].
[221] L. Cavicchia, R. Franceschini, and V. S. Rychkov, Phys.Rev. D77 (2008) 055006,
arXiv:0710.5750 [hep-ph].
[222] M. Gouzevitch, A. Oliveira, J. Rojo, R. Rosenfeld, G. Salam, et al., arXiv:1303.6636
[hep-ph].
[223] ATLAS Collaboration. ATLAS-CONF-2013-013.
[224] CMS Collaboration. CMS-PAS-HIG-13-014.
[225] CMS Collaboration, S. Chatrchyan et al., arXiv:1304.0213 [hep-ex].
[226] CMS Collaboration. CMS-PAS-HIG-13-004.
[227] ATLAS Collaboration. ATLAS-CONF-2012-160.
[228] CMS Collaboration. CMS-PAS-HIG-13-012.
[229] ATLAS Collaboration. ATLAS-CONF-2013-079.
[230] D. B. Kaplan and H. Georgi, Phys.Lett. B136 (1984) 183.
[231] H. Georgi and D. B. Kaplan, Phys.Lett. B145 (1984) 216.
[232] R. Contino, Y. Nomura, and A. Pomarol, Nucl.Phys. B671 (2003) 148–174,
arXiv:hep-ph/0306259 [hep-ph].
[233] K. Agashe, R. Contino, and A. Pomarol, Nucl.Phys. B719 (2005) 165–187,
arXiv:hep-ph/0412089 [hep-ph].
[234] R. Contino arXiv:1005.4269 [hep-ph].
[235] R. Contino, L. Da Rold, and A. Pomarol, Phys.Rev. D75 (2007) 055014,
arXiv:hep-ph/0612048 [hep-ph].
[236] A. Pomarol and F. Riva, JHEP 1208 (2012) 135, arXiv:1205.6434 [hep-ph].
BIBLIOGRAPHY 171
[237] M. Redi and A. Tesi, JHEP 1210 (2012) 166, arXiv:1205.0232 [hep-ph].
[238] O. Matsedonskyi, G. Panico, and A. Wulzer, arXiv:1204.6333 [hep-ph].
[239] D. Marzocca, M. Serone, and J. Shu, JHEP 1208 (2012) 013, arXiv:1205.0770
[hep-ph].
[240] G. Panico, M. Redi, A. Tesi, and A. Wulzer, arXiv:1210.7114 [hep-ph].
[241] CMS Collaboration, S. Chatrchyan et al., Phys.Lett. B716 (2012) 103–121,
arXiv:1203.5410 [hep-ex].
[242] CMS Collaboration, S. Chatrchyan et al., arXiv:1209.0471 [hep-ex].
[243] CMS Collaboration, S. Chatrchyan et al., arXiv:1210.7471 [hep-ex].
[244] ATLAS Collaboration, “Search for exotic same-sign dilepton signatures (b′ quark, t 5/3
and four top quarks production) in 4.7/fb of pp collisions at
√
s = 7 tev with the atlas
detector,” Tech. Rep. ATLAS-CONF-2012-130, CERN, Geneva, Sep, 2012.
[245] Y. Grossman and M. Neubert, Phys.Lett. B474 (2000) 361–371, arXiv:hep-ph/9912408
[hep-ph].
[246] S. J. Huber and Q. Shafi, Phys.Lett. B498 (2001) 256–262, arXiv:hep-ph/0010195
[hep-ph].
[247] T. Gherghetta and A. Pomarol, Nucl.Phys. B586 (2000) 141–162,
arXiv:hep-ph/0003129 [hep-ph].
[248] K. Agashe, G. Perez, and A. Soni, Phys.Rev. D71 (2005) 016002,
arXiv:hep-ph/0408134 [hep-ph].
[249] M. Blanke, A. J. Buras, B. Duling, S. Gori, and A. Weiler, JHEP 0903 (2009) 001,
arXiv:0809.1073 [hep-ph].
[250] M. Bauer, S. Casagrande, U. Haisch, and M. Neubert, JHEP 1009 (2010) 017,
arXiv:0912.1625 [hep-ph].
[251] C. Csaki, A. Falkowski, and A. Weiler, JHEP 0809 (2008) 008, arXiv:0804.1954
[hep-ph].
[252] G. Cacciapaglia, C. Csaki, J. Galloway, G. Marandella, J. Terning, et al., JHEP 0804
(2008) 006, arXiv:0709.1714 [hep-ph].
[253] R. Barbieri, G. Isidori, and D. Pappadopulo, JHEP 0902 (2009) 029, arXiv:0811.2888
[hep-ph].
[254] M. Redi and A. Weiler, JHEP 1111 (2011) 108, arXiv:1106.6357 [hep-ph].
[255] K. Agashe, R. Contino, L. Da Rold, and A. Pomarol, Phys.Lett. B641 (2006) 62–66,
arXiv:hep-ph/0605341 [hep-ph].
[256] N. Vignaroli arXiv:1204.0478 [hep-ph].
172 BIBLIOGRAPHY
[257] W. Altmannshofer and D. M. Straub, JHEP 1208 (2012) 121, arXiv:1206.0273
[hep-ph].
[258] L. Calibbi, Z. Lalak, S. Pokorski, and R. Ziegler, JHEP 1207 (2012) 004,
arXiv:1204.1275 [hep-ph].
[259] A. J. Buras, C. Grojean, S. Pokorski, and R. Ziegler, JHEP 1108 (2011) 028,
arXiv:1105.3725 [hep-ph].
[260] K. Agashe, A. Azatov, and L. Zhu, Phys.Rev. D79 (2009) 056006, arXiv:0810.1016
[hep-ph].
[261] O. Gedalia, G. Isidori, and G. Perez, Phys.Lett. B682 (2009) 200–206, arXiv:0905.3264
[hep-ph].
[262] ATLAS Collaboration, ATLAS-CONF-2012-088.
[263] CMS Collaboration, CMS-PAS-EXO-12-016.
[264] M. Redi Eur.Phys.J. C72 (2012) 2030, arXiv:1203.4220 [hep-ph].
[265] O. Domenech, A. Pomarol, and J. Serra, Phys.Rev. D85 (2012) 074030,
arXiv:1201.6510 [hep-ph].
[266] M. Redi arXiv:1306.1525 [hep-ph].
[267] J. Prades Acta Phys. Polon. Supp. 3 (2010) 75–86, arXiv:0909.2546 [hep-ph].
